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ABSTRACT 
 
Magnesium alloys suffer poor formability, particularly at room temperature. However, there is lack 
of understanding of how alloying additions affect the individual deformation modes of basal slip, 
non-basal slip and twinning. The present work is aimed at developing new knowledge of how alloying 
additions influence the properties of wrought magnesium alloys. In the present work, the effect of Al 
concentration was examined by using both tension and compression testing at -78°C, room 
temperature and 200°C. Six binary alloys were produced, and each was processed such that they all 
contained similar grain sizes and textures. Therefore, any change in the deformation behaviour can 
be attributed directly to the difference in composition. Visco-Plastic Self-Consistent Modelling was 
also used to assist in quantifying the critical resolved shear stress for the different modes. 
 
Mechanical testing showed that for three of the four test orientations, the yield point increased with 
increasing Al concentration. For one test type, in specimens cut at 45° from rolled plate, yielding 
remained unchanged with Al concentration. Increasing the deformation temperature produced a 
marked decrease in the flow stress and also increased the elongation at failure. Aluminium 
concentration had minimal effect on the tensile ductility. Ductility is known to be strongly influenced by 
grain size and texture in magnesium alloys. Since the starting materials used in this study were all processed 
to have similar grain sizes and textures, they all therefore showed very similar ductility’s when tested in 
tension. It was concluded from these results that solutes do not appear to markedly effect the tensile 
ductility of magnesium alloys. 
 
An initial estimation of the critical resolved shear stress (CRSS) for each individual deformation mode was 
made by multiplying the Schmid factor by the yield point for the relevant test type. These estimates were 
used to guide VPSC simulations. These VPSC simulations were used to quantify the CRSS values. At all 
Al concentrations, the <c+a> slip system shows the highest CRSS values, followed by prismatic slip and 
twinning. Basal slip had the lowest CRSS value.  
 
 
 
  
 
Increasing the deformation temperature caused a significant drop in the CRSS for the prismatic and <c+a> 
slip systems because these are thermally activated deformation modes that rely on cross-slip mechanisms 
for dislocation propagation.  There was no significant effect of temperature on the CRSS values of twinning 
or basal slip. 
 
The effect of aluminium concentration was quite different for the three slip modes. Al did not harden the 
basal slip system, but did increase the CRSS for the two non-basal slip modes. Solute hardening of the twin 
system was also observed. 
 
Specimens deformed at 200°C were observed to exhibit dynamic recrystallization (DREX). It was 
found that that the volume fraction of DREX decreased with increasing Al concentration. Also, a smaller 
DREX grain size is observed with increasing solute content. The solute drag pressure was found to increase 
with an increase in Al concentration, and this was concluded to be the main cause of the decrease in volume 
fraction of DREX in more concentrated alloys. Solute drag can effect both nucleation and growth processes 
during DREX.  However, in the current study, it was found that nucleation at grain boundaries is 
prolific even at high Al concentrations. Therefore, in the present case it is concluded that solutes 
hinder the growth of DREX grains, but do not appear to hinder their nucleation at the grain 
boundaries.  
This thesis examined the mechanical properties of Mg-Al alloys ranging in composition from 0.2 wt% Al 
to 5.0 wt% Al. This series of alloys was used to understand the solute hardening effects on the CRSS of 
the individual slip and twinning modes. Three temperatures were tested, -78°C, 25°C and 200°C. At the 
highest deformation temperature (200°C) dynamic recrystallization was observed, and the magnitude of 
the effect of Al concentration and flow stress on this phenomena was also studied. 
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1.1 Introduction 
 
The low density  of magnesium makes it an attractive candidate for use in the automobile and aviation 
sectors[1-3]. The density of magnesium (1.74 g/cm3) is one fifth as compared to Iron and two-third 
as compared to aluminium. It is thus the least dense of the structural metals (see Figure 1.1). 
Magnesium can therefore reduce weight, improve automotive fuel efficiency and help in Green House 
gas savings. 
 
Figure 1. 1 ‘Ashby plot’ showing the density and strengths of common materials[4].  
Magnesium is highlighted in red. 
 
Table 1.1 shows the physical properties of light metals. The density of magnesium is 1.74 g/cm3 which 
is two thirds of that of aluminium. Moreover, the Young’s modulus and the shear modulus of 
magnesium are two thirds of those of aluminium. 
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Table 1. 1 Physical properties of  light metals[2, 5, 6] 
Magnesium has moderate strength (Figure 1.1) and is rarely used in its pure form. Its strength is found 
to improve with solid solution hardening (hardness improved as a result of alloying [7]), precipitation 
strengthening (strengthening mechanism as a result of particles blocking dislocation motion [8]) and 
work hardening (strengthening of a material as a result of plastic deformation [9]). A range of studies 
have been done in the past on the role of alloying additions in magnesium [10-19]. Al and Zn are the 
most commonly used alloying elements [11-13, 17]. Despite the popularity of Al as a strengthening 
alloying addition in magnesium, the effect of this element on the properties of wrought material is 
poorly understood. Therefore, the present work examines the effect of Al additions on wrought 
magnesium with the objective of measuring solid solution hardening of basal slip, prismatic slip, 
pyramidal slip and {101�2} twinning. The effect of deformation temperature will also be examined. 
1.2 Crystallographic structure of magnesium 
 
The crystal structure of magnesium is hexagonal closed packed (hcp) shown schematically in Figure 
1.2. Planes and directions of the hcp lattice are described using the Miller-Bravais indices which  
relates to a coordinate system of three basal vectors (ai) and a longitudinal axis called the c-axis 
[20].The hexagonal unit cell has axes a1=a2=a3≠c, and angles α=β=90⁰, γ=120⁰. In magnesium the 
c/a ratio is 1.623. This is close to the lattice parameters (c/a) for the ideal packing arrangement in hcp 
unit cell, 1.633. 
Metal Lattice 
Structure 
Young’s 
modulus 
(GPa) 
Shear 
Modulus 
(GPa) 
Density 
(g/cm3) 
Mg HCP 45 17 1.74 
Al FCC 69 30  2.7 
Ti HCP 110 45  4.5 
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Figure 1. 2 The hexagonal unit cell [21]  
 
1.3  Deformation mechanisms in magnesium 
 
1.3.1  Deformation by slip 
 
Crystallographic slip occurs due to the sliding of a particular crystallographic plane over a 
neighbouring plane in a specific crystallographic direction. This typically occurs on the close packed 
planes and in the close packed directions [22]. The orientation of the atomic lattice remains the same 
after slip. Basal {0001}, prismatic {101�0}, first order pyramidal {101�1} and second order pyramidal 
{112�2} slip are different “modes” of slip (see Figure 1.3) [23]. Each has a number of systems 
(combinations of slip planes and directions) that can operate. It is generally agreed that basal slip is 
the softest mechanism with the activation of other slip systems depending on the temperature and 
stress level [23]. 
A schematic illustration of the slip modes is shown in Figure 1.3. Basal slip occurs on the (0001) 
basal plane in the <12�10> direction. Prismatic slip occurs on the {101�0} planes in the <12�10> 
direction. Pyramidal slip occurs on {11�01} the planes in the <112�0> direction and second order 
pyramidal slip occurs on the {12�12} planes in the <12�13�> direction [22]. According to Von Mises, 
five independent slip systems are required by a material to deform to an arbitrary shape [24]. The 
main slip mode for magnesium and its alloys is basal slip [25]. Since basal slip provides only three 
independent slip systems [26], it becomes necessary to activate non-basal slip modes to accommodate 
shape change [27, 28]. The non-basal modes are activated at higher stresses and at higher 
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temperatures [29]. These additional slip systems aid towards the ductility of magnesium. Ductility is 
a measure of the ability of the material to withstand strain. It is usually defined by the strain or 
elongation to failure, or the reduction in area at failure. 
 
Figure 1. 3 Common Slip modes seen in magnesium [6, 21, 30, 31]. Note that the dashed lines  
highlight the slip planes and arrows indicate the slip direction 
Slip occurs when the resolved shear stress reaches a critical value, the critical resolved shear stress 
(CRSS) [32]. The resolved shear stress for uniaxial loading can be given as [33-35]: 
             
𝝉𝝉𝒔𝒔
𝝈𝝈𝒏𝒏
= 𝒄𝒄𝒄𝒄𝒔𝒔𝝋𝝋  . 𝒄𝒄𝒄𝒄𝒔𝒔 𝝀𝝀                    [Equation-1] 
Where, τs is the resolved shear stress acting on the slip plane in the slip direction, σn is the applied 
stress, φ is the angle between the stress axis and the slip plane normal, and λ is the angle between the 
stress axis and the slip direction (see Figure 1.4). 
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Figure 1. 4 A figure for explaining the critical resolved shear stress equation [36] 
Since the orientation of different slip systems vary with respect to the stress axis, each slip system 
can have different resolved shear stress acting on it. 
1.3.2 Deformation by twinning 
 
Mechanical twinning is an important mode of plastic deformation in magnesium and its alloys. 
Twinning results in the reorientation of the atomic lattice across the twin plane [37]. It occurs due to 
the atomic shuffle and shear of a block of atoms to a new position forming a mirror image of the 
parent lattice as shown in Figure 1.5. 
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 Figure 1. 5 Deformation mechanisms for a single crystal subjected to shear stress τ (a) Slip  
and (b)Twinning and also, (c) Schematic presentation of how twinning results from shear  
stress τ [38] 
The most important twinning mode in hcp metals takes place on the {101�2} twinning plane in the 
<101�1> shear direction [39-41] to accommodate the strain. {101�1}<101�2> twinning has also been 
frequently observed [42]. The common twin modes in hcp metals are shown in Figure 1.6. 
          Chapter 1. Literature review               20 
         _______________________________________________________________________________                                        
 
 
 
 
Figure 1. 6 Common twin planes seen in magnesium[31] 
Unlike slip, twinning is polar in nature; the shear can occur in one direction only. Depending upon 
the c/a ratio, twinning modes may be either tensile or compressive as shown in Figure 1.7 [43]. A 
twin mode showing a positive slope in Figure 1.7 results in contraction along the c-axis whereas a 
twin mode showing a negative slope results in extension along c-axis. In the case of magnesium 
extension along c favours {101�2} twinning whereas a compression along this axis favours 
{101�1}<101�2>  twinning [44, 45]. So, the most common twinning mode in magnesium{101�2} 
twinning is known as a “tension “or “extension” twin because it provides extension along c-axis [46, 
47]. The {101�1} twinning is thus known as a “compression” or “contraction” twin.  
 
Figure 1. 7 Variation of twinning shear with the c/a ratio for various twinning modes in HCP 
metals [43] 
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Nucleation and growth of twins is significantly influenced by strain rate, grain size and precipitates 
[48-51]. However, Meyers et al. [52] have shown that the twinning stress is insensitive to temperature, 
Figure 1.8. Not all research supports this notion, with the CRSS for twinning being reported to 
decrease with increasing temperature and decreasing strain rate in one case [53]. Also, Yoo [43] 
reported negative temperature dependence for the {101�1} twinning mode in HCP metals. It is 
therefore not totally clear what effect temperature will have on the twinning stress. 
 
Figure 1. 8 Twinning stress as function of temperature for single crystals and polycrystals [52] 
 
This twinning stress is grain size sensitive, increasing markedly with a decrease in grain size [54]. 
Lahaie et al. [55] confirmed this grain size effect in the magnesium alloy AZ91 subjected to tension 
and compression. They found an absence of twins in fine grained samples (1µm) and presence of 
twins in coarse grained samples (15 µm). Also, Meyers et al.[56] confirmed this to occur in copper 
subjected to shock compression. No twins were present in samples of fine grains (9 µm) and twins 
were found in samples of coarse grain sizes (117 and 315 µm). Thus, twins are more common in 
coarse grained specimens deformed at lower temperature irrespective of the crystal structure. 
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1.4 Representation of texture in hcp materials 
 
To represent an orientation, the crystal coordinate system is specified with respect to the sample 
coordinate system. The crystal coordinate system for HCP unit cell is shown in Figure 1.9 along with 
the sample coordinate system for a rolled sheet. Euler angles (φ1, Ф, φ2) are usually used to describe 
a sample orientation with respect to the crystal coordinate system. The orientation of crystal can then 
be defined by the rotation g which changes the sample coordinate system (𝑒𝑒𝑖𝑖𝑠𝑠) into the crystal 
coordinate system (𝑒𝑒𝑖𝑖𝑐𝑐): 
      𝒆𝒆𝒊𝒊
𝒔𝒔 = 𝐠𝐠 . 𝒆𝒆𝒊𝒊𝒄𝒄     [Equation -2] 
In Bunge’s convention [57], φ1 is a rotation z3 about followed by a rotation Ф about x1 axis, then 
followed by a third rotation y2  axis. φ1 and φ2 vary from 0 to 2π and Ф from 0 to π. 
 
 
Figure 1. 9 (a) Euler angle rotations according to Bunge’s convention and (b) crystal  
coordinate system for an HCP unit cell [58] 
 
In the present work, pole figures and inverse pole figures are used for texture analysis. Pole figures 
are two-dimensional stereographic projections of pole orientations for a set of crystal planes {hkil}in 
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the sample reference frame [59, 60]. Inverse pole show sample coordinate system in the crystal 
reference frame.  
Wang and Huang [59] simulated the ideal pole figures of some important texture components for 
magnesium, shown in Figure 1.10. It is common to employ basal pole figures when representing the 
texture of magnesium and a typical ideal “basal fibre” texture is shown in Figure 1.10(a). Textures 
near to this ideal case are often seen in rolled sheet though the basal poles are often seen slightly 
rotated towards the RD (Figure 1.10(b)). Pole plots for the two main orientations {0001) < 101�0> 
and {0001} <112�0> are given in Figures 1.10 (b) and (c). Typical textures for rolled and extruded 
shown in Figure 1.10 (d) and (e) respectively. 
 
Figure 1. 10 Ideal pole figures for magnesium (c/a = 1.624) [59, 61, 62] 
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1.5  Mechanical behaviour of single crystals 
 
The deformation of magnesium single crystals has been studied by a number of workers, starting with 
the early work of Schmid in the 1930s [63]. Pure, single crystals of magnesium exhibit plastic 
anisotropy due to the easily activated independent dislocation slip mechanisms and asymmetry 
associated with the polar nature of deformation twinning [64]. The following section reviews the 
literature on magnesium crystal deformation behaviour. 
1.5.1  Deformation of single crystal oriented for basal <a> slip  
 
Basal slip is easily activated in magnesium and seen to activate in single crystals when the angle 
between the slip plane and the tensile axis is between 6° to 72°. Stress-strain curves for magnesium 
single crystals oriented for basal slip are shown in Figure 1.11, which shows data by different authors. 
The CRSS of basal slip determined at a strain of 1% is found to be nearly constant at all temperatures 
[11, 65-67]. All four curves show low work hardening rates at low strains, and in the later stages of 
deformation the work hardening rates are observed to increase. This is mainly due to the interaction 
between the dislocations and may also be due to {101�2} twinning. The CRSS for basal <a> slip was 
calculated to be about 0.46 MPa by Hirsch and Lally but significantly higher by Chapius and Driver 
(Figure 1.11c). This difference is probably due to the different deformation geometries, Chapius and 
Driver used a plane strain compression apparatus that imposes friction on the sample. This may 
artificially inflate the stress required to initiate deformation. 
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(a) Hirsch and Lally (1965)                (b) Akhtar and Teghtsoonian (1969) 
      
(c)       Chapius and Driver (2011)     (d) Kelly and Hosford (1968) 
 Figure 1. 11 Stress-strain curve for Mg single crystals oriented for basal slip [11, 65-67] 
 
1.5.2  Deformation of single crystal oriented for prismatic <a> slip 
 
Prismatic slip, {101�0} <112�0> is the main deformation mechanism when the basal plane is parallel 
to the tensile axis [68, 69]. It is known that the CRSS for prismatic slip decreases with increasing 
temperature. This is explained by the notion that prismatic slip dislocations are thermally activated 
by “cross slip” of basal dislocations on to the prismatic plane. Quimby et.al [70] and Couret and 
Caillard [15] agreed that that prismatic slip is a thermally activated process, and found that the CRSS 
changes with temperature as shown in Figure 1.12. 
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Figure 1. 12 CRSS for glide on prismatic planes (P) and basal planes (B) for comparison 
 
1.5.3  Deformation of single crystal oriented for pyramidal <c+a> slip  
 
Burke and Hibbard [71] reported pyramidal slip as the dominant deformation mechanism for tension 
in the basal plane. There are two possible pyramidal systems: First order pyramidal {101�1} and 
second order pyramidal {112�2}. Agnew and Duygulu [30] studied these slip modes in detail by TEM 
and concluded that second order pyramidal <c+a> slip on {112�2} planes was the active system in 
magnesium alloys.  In-situ TEM studies have shown that, like prismatic slip, the CRSS for <c+a> 
slip decreases with temperature. This is consistent with the work of Obara [72] who studied the 
deformation of magnesium single crystals. The crystals were compressed in c-axis at temperatures 
ranging from 25°C to 500°C and showed a significant decrease in deformation stress with increasing 
temperature, Figure 1.13.   
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Figure 1. 13 Stress-strain curves for magnesium single crystals oriented for {11𝟐𝟐�2} <𝟏𝟏�𝟏𝟏�23>  
                  slip [72] 
 
1.5.4  Deformation of single crystal oriented for twinning 
 
In magnesium crystals oriented for c-axis extension, {101�2} twinning is found to operate [31, 71, 
73]. The CRSS for twinning in pure Mg is quite low, and has been reported to be ~2 MPa [73]. Figure 
1.14 shows the stress-strain curves for crystals compressed along <101�0> and extended along [0001]. 
In both series of tests, {101�2} twins were produced which are responsible for c-axis expansion. 
Higher work hardening rates were exhibited for compression along [101�0] due to the orientation of 
the basal slip system in the {101�2} twins that formed in that orientation. The main reason for the 
abrupt change in strain hardening response at a strain of ~0.06 is the exhaustion of twinning. At this 
point nearly the entire crystal has been consumed by the twin orientations [42], and the basal plane is 
poorly oriented for slip, thus the stress required to continue deformation is high. 
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(a)    Chapius and Driver (2011)                               (b) Kelly and Hosford (1968) 
Figure 1. 14 Stress-true strain curves for compression Mg crystals along [10𝟏𝟏�0] [66, 67]  
Kelly and Hosford [67] also carried out channel die compression tests on pure magnesium and showed 
that stress-strain behaviour depends on the constraint directions as shown in Figure 1.15. In these 
cases, the primary twinning mode {101�2} completed about 6% strain. 
 
         Figure 1. 15 Stress-strain curves in pure magnesium single compressed along<10𝟏𝟏�0>        
         (a)  expansion limited to <1𝟐𝟐�10> and along <1𝟐𝟐�10> (b) expansion limited to <10𝟏𝟏�0> [67]  
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 1.5.5  Effect of temperature on CRSS in single crystals 
 
As discussed in previous section, the CRSS of slip is temperature dependent [11, 12, 30] but twinning 
is not. Most recently Chapuis and Driver [66] investigated the effect of temperature on deformation 
mechanisms (slip and twinning) in plane strain compressed magnesium single crystals. Channel die 
compression and EBSD orientation mapping were used to analyse the critical resolved shear stress of 
the slip and twinning systems. The CRSS of the slip and twinning systems are also evaluated from 
the experimental stress-strain curves and orientation maps using a rate-insensitive crystal plasticity 
code. The effect of temperature on the critical resolved shear stresses measured is summarised in 
Figure 1.16 to 1.19. It was found that basal slip and twinning are athermal. Prismatic slip and 
Pyramidal slip are thermally activated. The c-axis compressive twinning systems were found to be 
dependent on temperature. In addition to this work, there have been a number of other experiments 
in Mg crystals. These have been summarised in Figures 1.16 to 1.19.  
 
Figure 1.16 shows that basal slip is temperature independent for pure Mg single crystals [11, 66, 71, 
74-76] . This is a consistently reported phenomena for magnesium single crystal investigations. A 
small drop in the CRSS is usually reported at higher temperatures, but this is usually quite small, as 
is the CRSS for basal slip at room temperature.  
 
 
Figure 1. 16 Reported CRSS data for basal slip in pure Mg single crystals [11, 66, 71, 74-76] 
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Figure 1.17 shows that prismatic slip is temperature dependent for pure Mg single crystals deformed 
in tension [12] and plane strain compression [66].The CRSS can be seen to drop markedly with 
increasing deformation temperature. Figure 1.18 shows a very similar effect for pyramidal slip, which 
also shows a strong temperature dependence in c-axis compression [72] and plane strain compression 
[66] 
 
Figure 1. 17 Reported CRSS data for prismatic slip in pure Mg single crystals [12, 66, 68, 69, 
77, 78] 
 
Figure 1. 18 Reported CRSS data for pyramidal slip in pure Mg single crystals [66, 72] 
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A summary of literature data that investigates magnesium single crystals oriented for {101�2} 
twinning is shown in Figure 1.19. It can be seen that, consistent with the work of Meyers [52] the 
twinning stress is found to be temperature independent [66]. 
 
 
Figure 1. 19 Reported CRSS data for tension twinning in pure Mg single crystals [64, 66, 79] 
 
The information summarised in the aforementioned paragraphs can be summarised as follows.  Non-
basal activity is enhanced at high temperatures due to lower CRSS. This reduction in the CRSS at 
elevated temperatures is attributed to a reduction in the activation energy required for cross slip [27]. 
Thermal energy assists dislocations to overcome the energy barriers resisting cross slip. Since 
prismatic and pyramidal slip both require cross slip, they are highly sensitive to temperature. Basal 
dislocations however are already present on the slip plane, and do not require thermal activation, thus 
they are largely insensitive to temperature[66].  
The mechanism of cross slip of basal dislocation onto prismatic planes is shown in Figure 1.20 [80-
82]. At temperatures lower than 400K [15, 83], basal dislocations are restrained at two points and 
then bow onto prismatic plane shown in Figure 1.20 (a). At temperature higher than 400K, basal 
dislocations cross slips onto prismatic planes and prismatic dislocations re-detaches onto basal planes 
parallel to the original slip plane shown in Figure 1.20 (b). In this Friedel-Escaig or jog pair 
mechanism, prismatic dislocations exists as pair of jogs between two basal stacking faults. Therefore, 
the activation energy for cross slip depends on the nucleation of the jog pairs onto prismatic plane. 
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Figure 1. 20  Mechanisms for cross slip of basal dislocations onto prismatic planes 
(a) cross-slip process with basal dislocations restrained at P and Q and bow onto prismatic 
(b)  plane to height h and,  (b) cross-slip process with prismatic dislocations re-detaches onto  
(c) basal planes parallel to original slip plane [82] 
 
Cross-slip mechanisms also aids in the nucleation of pyramidal dislocations. The basal <a> 
dislocations cross slip onto prismatic planes and prismatic <a> dislocations interact with <c> 
dislocation forming <c+a> dislocations which cross slips onto pyramidal plane [84]. Since the 
pyramidal and prismatic systems are thermally activated, they are more sensitive to temperature 
change than the other deformation modes.  
 
 
 
 
          Chapter 1. Literature review               33 
         _______________________________________________________________________________                                        
 
 
 
1.5.6   Solute hardening effects in single crystals 
 
Addition of “foreign atoms “or alloying additions to the most metallic systems results in solute 
hardening [85]. One of the classical models to describe the effect of solute-dislocation interactions 
was given by Fleischer [86]. Fleischer explained hardening effects in terms of the distortion in the 
crystal lattice caused by solute atoms. Two types of interactions are proposed: Local strains in the 
lattice caused by size misfit of solute atoms, and differences in the shear modulus between solutes 
and the lattice [86, 87]. In Fleischer’s approach a moving dislocation is assumed to encounter a series 
of discrete obstacles on the slip plane. The average spacing between solutes depends on the flexibility 
of the dislocation line. Variation in the concentration dependency of the flow stress will depend on 
the flexibility of the dislocation line. Based on the size and modulus effect, numerous theories have 
been proposed for the quantification of solid solution strengthening. The Friedel-Fleischer model 
finds CRSS proportional to C1/2, where C is the concentration of solutes. Another model has been 
proposed by Labusch, also shows that CRSS should scale to C2/3 [88] or C1/2. 
1.5.6.1 Solid solution strengthening of Basal Slip  
 
Akhtar and Teghtsoonian [11] studied solid solution strengthening in single crystals of magnesium 
containing Zn and Al, oriented for basal slip. This data, along with more recent literature is 
summarised in Figure 1.21. The stress for basal slip was found to increase with the Zn concentration. 
Beyond this concentration of solute a C1/2 dependence is observed. Tensile tests on crystals oriented 
for basal slip has shown hardening for all of the solute species that were tested including  Al, Zn, and 
Li. TEM on Mg-Al [11] crystals revealed that the basal dislocation density increases linearly with the 
solute content, and this may affect the work hardening behaviour of magnesium alloys. However, this 
has not been studied systematically.  
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Figure 1. 21  The increase of CRSS for basal slip with solute concentration at room  
temperature[11, 89]  
 
1.5.6.2 Solute hardening of Prismatic Slip  
 
Akhtar and Teghtsoonian [12] studied solid solution strengthening in single crystals of magnesium 
containing Zn, oriented for prismatic slip. These tests show that Zn and Al solutes decrease the CRSS 
for prismatic slip as shown in Figure 1.22. This is proposed to be due to the solutes decreasing the 
stress for cross slip. This was the first ever report of solute softening in an alloy system. Recent atom-
scale modelling work [90] has confirmed that the interaction of solutes with the prismatic screw 
dislocation core assists in the activation of cross slip in Mg alloys. This geometrical model efficiently 
predicted the cross slip softening and hardening for 29 Mg binary alloys. However, it is still an 
unusual phenomenon that adding solute can soften rather than harden an alloy.  
 
          Chapter 1. Literature review               35 
         _______________________________________________________________________________                                        
 
 
 
 
Figure 1. 22 CRSS for prismatic slip with Zn concentration [12]  
 
1.6  Mechanical behaviour of polycrystals 
 
1.6.1  Effect of texture 
 
Kelly and Hosford [67, 79] first studied the deformation characteristics of textured polycrystalline 
magnesium, during plane strain compression as well as uniaxial tension and compression. It was 
found that highly textured polycrystals behave in a similar manner to single crystals, as shown in 
Figure 1.23. This is because of the dominant basal slip and {101�2} twinning. The degree of anisotropy 
in the polycrystalline pure magnesium was found to be lower than single crystal, and is strongly 
dependent on the intensity of the basal texture. Strong texture can be responsible for the asymmetry 
in the tension-compression of the wrought alloy as high as twice the tension-compression. 
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Figure 1. 23 Stress - Strain curves of (a) pure magnesium single crystal and (b) textured pure 
 magnesium (First letter signifies loading direction and second letter signifies the extension  
direction [67, 79] 
 
Kelly and Hosford [79] studied yield locus points for a textured polycrystalline pure magnesium. The 
yield loci of the textured magnesium are neither elliptical nor centred on the origin, because of the 
directionality of {101�2} twinning [79]. An important feature at the yield loci in Figure 1.24 is the 
asymmetry in yield stresses for tension and compression. Yielding is easier in compression due to 
easy activation of twinning compared to non-basal slip. At low strain, high strength was achieved in 
tension than compression due to twinning. At 10% strain, the tensile and compressive flow stresses 
are almost comparable due to the exhaustion of twinning process and crystal lattice reorientation of 
the twinned volume. 
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Figure 1. 24 1, 5, 10 % yield loci for biaxial stresses in textured pure magnesium [79]  
 
Safi-Naqvi et.al [91] investigated the mechanical anisotropy of magnesium alloys to create yield loci 
using tension, compression and plane strain deformation. They are presented in Figure 1.25. The 
magnesium alloy shows greater strength in the extrusion direction as compared to the transverse 
direction that occurs in both tension and compression as alignment of the basal poles was 
unfavourable for slip. Hence, the flow stresses generated in the transverse direction is higher as 
alignment of the basal poles was favourable for slip. The solution treated Mg-3Y alloy shows higher 
strength in compression as compared to solution treated ZM61 alloy. The Mg-3Y alloy shows nearly 
isotropic behaviour, probably due to weaker texture. Indeed it has been shown that weak texture 
improves ductility, yield asymmetry and formability in magnesium alloys. 
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Figure 1. 25 Yield loci for magnesium alloys (a) ZM61 (solution treated), (b) ZM61 (aged),  
(c) Mg-3Y (solution treated) and (d) Mg-3Y (aged) [91] 
Many workers [30, 92] have studied the effects of temperature on plastic anisotropic behaviour in 
AZ31 magnesium alloy. It was found that the increase in ductility with texture is accompanied by a 
decrease in flow stress, an increase in strain rate sensitivity and a decrease in anisotropy [30]. The 
texture of a material played an important role in the plastic deformation at both quasi-static and high 
strain rates due to slip-twin interactions [92]. 
In summary, the most common and easiest slip mode in magnesium at room temperature is found to 
be basal slip. As temperature increases, the prismatic slip and pyramidal slip systems are easily 
activated contributing more towards the overall deformation. The dominant twin mode in magnesium 
is {101�2} along <101�1>, which results in c-axis extension.  
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1.6.2  Solute hardening effects in polycrystals 
 
Most recently, Stanford et al. [17] investigated the effect of Zn concentration and grain size on 
prismatic slip system. Zn addition produced solute strengthening effect for grain sizes smaller than 
50 µm and solute softening effect for grain sizes above 50 µm, Figure 1.26. It was proposed that for 
grain sizes less than about 30 µm, the stress to activate prismatic slip is limited by Hall-Petch 
hardening. However, for larger grain sizes the limiting stress is the stress required for cross slip of 
basal dislocations onto the prismatic planes. Hence, it was proposed that solute softening effect is 
observed only for large grain sizes. This is therefore consistent with observations made on large single 
crystals by Akhtar and Teghtsoonian [12]. 
 
Figure 1. 26 Effect of Zn concentration on the stress to activate prismatic slip for different  
grain size [17] 
 
Caceres [13] reported the solid solution hardening of the flow stress in Mg-Al alloys. It was found 
that the hardness increases with the Al content. After correcting for grain size strengthening effects, 
the proof strength increases linearly with Cn, where C is the atom concentration and n = 1/2~2/3 
(Figure 1.27), consistent with the theory of Fleischer. The results found were close to observed in 
single crystals of dilute alloys oriented for basal slip, suggesting that the strengthening of the basal 
plane controls the solid solution hardening in polycrystals of concentrated Mg-Al solid solutions. 
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(a)                                                                     (b) 
Figure 1. 27 (a) Effect of atom concentration on the hardness (The dashed lines and solid  
                          symbols represent the data after subtracting the grain size strengthening ) [13] 
                               (b) Effect of Zn concentration on the stress to activate basal slip [11] 
  
Stanford [16] reported the effect of Gd concentration on solute strengthening in magnesium-based 
alloys. For concentrations above 1wt% Gd, the strength was found to be unchanged which was 
explained by texture effects. Strengthening of prismatic system was found to be more significant for 
Gd than for Al and Zn. 
1.6.3  Effect of temperature on polycrystal deformation 
 
Agnew and Duygulu [30] observed that there is a significant decrease in flow stress with increasing 
temperature. Concurrent with flow stress decreases, the strain rate sensitivity increases with 
deformation temperature. The polycrystal model also suggested that the only slip mechanism capable 
of explaining the observed decrease in R-value (plastic strain ratio defined as the ratio of width-to-
thickness strains in a tensile test [93])  with temperature is the increasing activation of non-basal 
dislocations with Burgers vectors such as 1
3
<112�3> (or <c+a>). This mechanism would enable 
magnesium to satisfy Taylor’s criterion. Also, by incorporating an increase in <c+a> activity in the 
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polycrystal simulations, the observed R-value decreased with temperature (see Figure 1.28).  Hence 
increase in the <c+a> slip activity at higher temperatures was concluded to be responsible for the 
improved formability in that case.  
  
(a) (b) 
Figure 1. 28 (a) Effect of temperature on R-value,  
                     (b) Polycrystal simulation results showing the effect of the CRSS ratio between  
             <c+a> and prismatic <a> slip on slip system activity [30] 
       
1.6.4  Polycrystal plasticity modelling 
Polycrystal plasticity models are used to quantify the plastic behaviour of alloys, and investigate their 
hardening behaviour. Most notably in the magnesium research field, the visco-plastic self-consistent 
VPSC model has become a standard test for such studies [94, 95]. Developed by Lebensohn and 
Tome [96], this technique works on the basis of initial conditions like texture and yield point. 
Modelling with VPSC has shown that single crystal and polycrystal values do not match [97]. This is 
probably due to the effect of incremental hardening due to change in solute concentration or 
texture[98]. VPSC has also shown the importance of relative slip activity (particularly non basal) on 
R-value and texture development. Agnew et.al [86] studied the mechanical behaviour of magnesium 
alloys using (VPSC) model. They found few differences in uniaxial compression textures of 
magnesium, Mg-Li and Mg-Y alloys. The VPSC showed an increased activity of non-basal <c + a> 
slip mode. They also reported magnesium alloys had improved ductility in compression than pure 
magnesium due to non-basal <c+a> slip activity.  Jain and Agnew [99]  studied the mechanical  
behaviour of AZ31B magnesium alloy sheet tested in uniaxial compression using VPSC. 
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Compression tests were done along rolling, transverse and normal direction in the temperature range 
22°C – 250°C. They found prolific{101�2} twinning giving a low R-value and contributing towards 
hardening of material due rapid texture evolution, as well as due to twin boundaries acting as barrier 
to dislocation motion. They also reported enhanced ductility at moderate temperatures (100°C – 
200°C) due to thermally activated prismatic <a> and pyramidal <c+a>slip. 
 Hutchison and Barnett [100] investigated the CRSS values for slip in polycrystalline magnesium and 
other hcp metals. They found a big discrepancy between the values. The ratios of CRSS values 
between the “hard” and “soft” slip modes was seen to be less in polycrystal compared with single-
crystal data, for which the reason are still unclear.  
Raeisinia et.al [87, 100] used VPSC to account for the grain size and composition dependence of the 
CRSS of basal slip and tensile twinning in Mg-Zn alloy systems. Elastoplastic self-consistent (EPSC) 
polycrystal modelling predicted stronger grain size dependence for twinning as compared to basal 
slip. For a given grain size, twinning stress was not found to increasing above a of Zn concentration 
of 1.0 at%. 
Conditions CRSSbasal 
(MPa) 
CRSSprism 
(MPa) 
CRSStwin 
(MPa) 
𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝒑𝒑𝒑𝒑𝒊𝒊𝒔𝒔𝒑𝒑
𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝒃𝒃𝒃𝒃𝒔𝒔𝒃𝒃𝒃𝒃
 
(MPa) 
𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝒕𝒕𝒕𝒕𝒊𝒊𝒏𝒏
𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝒃𝒃𝒃𝒃𝒔𝒔𝒃𝒃𝒃𝒃
 
(MPa) 
PC, VPSC, XRD 
[101] 
45 110 15 2.4 0.33 
PC, EPSC, ND [102] 10 55 30 5.5 3 
PC, TEM [103]    1.1  
PC, Taylor, XRD 
[104] 
   1 – 2.4 2 
PC, ND, Schmid 
factor [105] 
  25 – 35    
PC, TEM [30]    2 – 2.5   
PC, EPSC, ND [106] 20 90  4.5  
PC, EPSC, ND [107] 30 90  3  
PC, Sachs, Schmid 
factor [108] 
50 100  2  
Table 1. 2 CRSS values reported for AZ31 magnesium alloy [30, 101, 103-108] 
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Al and Zn solutes increases the CRSS values for all deformation mechanisms as compared to pure 
magnesium, but reduces the relative differences. CRSS values for prismatic slip are found to be more 
scattered in the literature. CRSS values are obtained using polycrystal plasticity models and Neutron 
diffraction. Most recently, Kabirian [109] discussed that VPSC results for different mechanisms in 
plastic deformation varies significantly depending on the number of measurements used for 
calibration. As texture evolution during dynamic compression shows the twinning dependency on 
strain rate, it was suggested to use a different rate-sensitivity parameter for VPSC models. High 
temperature simulation results showed reduced twinning activity which is well supported by 
measured textures showing a reduction in crystal reorientation at high temperature deformation. 
Overall, VPSC has successfully explained the mechanical response of AZ31 magnesium alloy. 
Hence, implementation of VPSC for simulation requires mechanical and microscopic (i.e., twin 
fractions) data to calibrate model constants for a given material. 
1.7  Dynamic recrystallization during hot deformation of magnesium 
 
In this thesis mechanical tests were carried out at temperatures up to 200˚C. At these temperatures 
dynamic recrystallization (DRX) is seen. DRX is an important restoration mechanism which occurs 
during hot deformation of magnesium and proceeds by nucleation and growth. This is common in 
low to medium stacking-fault energy metals [58]. Stacking fault energy is an important parameter in 
DRX as it determines the rate of dislocation climb and cross slip. DRX process also depends on the 
temperature, strain, strain rate, texture and initial grain size. DRX tends to decrease the flow stress 
and also determines the final microstructure [58].  
DRX occurs by high angle boundary migration resulting in nucleation and growth of new grains. This 
process is considered to be discontinuous because it has nucleation and growth stage[38]. This process 
occurs when a critical strain (ɛc) is exceeded (Figure 1.29-f). Conventionally, the initiation of DRX 
is prefaced by serrations and bulging of grain boundary prior to the formation of new grains[110]. 
The new strain free grains form a distinctive microstructure which consists of a necklace type 
structure and shows recrystallised grains located along the initial grain boundaries. Figure 1.29 shows 
the development of microstructure during DRX and a stress-strain curve depicting the stages of 
microstructural evolution. Initially, the microstructure will consist of parent grains prior to the critical 
strain, as seen in Figure 1.29-a. As the strain is increased, new grains start to form along the initial 
grain boundaries, thereby forming the first layer of the necklace structure (Figure 1.29-b). At higher 
strains, new layers of necklace and spread across the grain interior (Figure 1.29-c to e).  
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Figure 1. 29 Stages of microstructural evolution during DRX [110] 
 
There are five mechanisms explaining the dynamic recrystallization process in magnesium. Firstly, 
Strain Induced Boundary Migration (SIBM) is a common recrystallization mechanism involving a 
bulge in the existing grain boundary. During deformation, the grain boundary interacts with the slip 
band causing accumulation of stress as a bulge in the existing grain boundary into neighbouring 
grains. This SIBM mechanism as seen in aluminium alloys is explained in Figure 1.30 (a) [111].   The 
bulge grows into grain 2 due to the accumulation of stress on the boundary as stored energy of the 
grain 2 exceeds the stored energy of the grain 1 (E2 > E1). During the bulging process, the region 
behind the bulge has higher dislocation density (Figure 1.30 (b)). The substructure inside the bulge 
forms low angle boundary binding with the recrystallized grain (Figure 1.30 (c)). SIBM may also 
form at large subgrains (Figure 1.30 (d))[112]. SIBM Recrystallization also leads to the formation of 
necklace type structure of the recrystallised grains on the pre-existing grain boundary shown in Figure 
1.30 (b). SIBM occurs at temperatures > 573 K. Higher activity of non-basal slip and cross slip is 
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required to retrieve the dislocation substructure inside the bulge. SIBM mechanism is also seen in 
magnesium alloys (Figure 1.31) [113].  Figures 1.29 and 1.30 provide an explanation on SIBM 
mechanism using the example of Aluminium alloys. 
 
Figure 1. 30 SIBM mechanism in aluminium (a) SIBM of a boundary separating a grain of 
 low stored energy (E1) from one of high energy (E2), (b) Stretching of the dislocation  
substructure behind the bulging boundary, (c) The bulging boundary is free from dislocation  
substructure and , (d) SIBM also occurs at large subgrains [112] 
 
 Secondly, Rotational dynamic recrystallization (RDRX) is another mechanism seen in magnesium 
alloys which also leads to the formation of necklace type structure of the recrystallised grains on the 
pre-existing grain boundary shown in Figure 1.30 (b). Local shearing occurs at grain boundaries due 
to accumulation of stress followed by dynamic recovery forming subgrains structures as shown in 
Figure 1.30. Continuous process of dynamic recovery forms the grains on the boundary. Due to a 
continuous the process of recovery, RDRX is also referred to as Continuous dynamic recrystallization 
(CDRX). On the other hand, SIBM has discrete nucleation process and is characterized as 
discontinuous recrystallization process. A TEM image showing the bulging and substructure 
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development of grain boundary is shown in Figure 1.31 depicting characteristics of SIBM and RDRX 
[113]. 
 
Figure 1. 31 A TEM micrograph showing the bulging of grain boundary in Mg-3Al-1Zn  
 Magnesium alloy under 40% strain. White arrows indicate the serrated grain boundary,  
where the dense subgrains are formed. This process is observed in SIBM and CDRX [113] 
 
The first detailed study of DRX in magnesium was reported Ion, Humphrey and White [114]. They 
found that deformation twinning is followed by DRX at temperatures above 425 K. Then, Gailyev 
[58] reported CDRX during hot compression tests of ZK60 magnesium alloy at temperatures between 
150°C and 450°C. Diagrams of grain boundary nucleation process depending on the deformation 
temperature is shown in Figure 1.32.  
 
 
Figure 1. 32 Sketches of grain boundary nucleation processes at (a) 423 K, (b) 473-523 K and  
(c) 573-723 K [58] 
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Below 423 K, DRX was linked with basal slip, twinning and c + a dislocation guide. Basal dislocation 
accumulated near twin boundaries and the internal stresses due to distortion at grain boundaries 
exceeded CRSS of non-basal slip systems. In the temperature range of 473-523 K, DRX was found 
to be continuous due to continuous dislocation rearrangement by cross slip resulting in the formation 
of high angle boundary. In the temperature range of 573-723 K, DRX is assumed to be associated 
with the climb of dislocation. At higher strains, DRX occurs through nucleation at slip bands. Fast 
dislocation climb leads to the formation of low angle boundaries. Dislocations are trapped by low 
angle boundaries resulting, after continued strain, in the formation of high angle boundaries.  
Thirdly, nucleation of recrystallised grains may also occur due to deformation twins, mainly 
contraction and double twins. This process is referred to as Twin Induced Dynamic Recrystallization 
(TDRX). TDRX is mostly active at lower temperatures (473 K). TDRX nuclei is formed at 
intersection of twins forming the high density dislocation pile-ups. The mechanism of forming twin 
intersection is explained in Figure 1.33 [115]. In both situations, TDRX nuclei is formed at high angle 
boundaries forming the dislocation pile-ups.  
 
Figure 1. 33 Schematic diagram of TDRX mechanism due to twin intersection (a) secondary  
twin(2) passes through the primary twin(1) and, (b) secondary twin(2) forms within primary 
twin(1) [115] 
 
Recrystallization is quite common in contraction twins [116]. Recrystallization is less active in 
tension twins as it is not able to provide energy required for DRX [116, 117]. This is due to the 
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orientation of twins unfavourable for basal slip shown in Figure 1.34. Also, tensile twins that showed 
no DRX indicated absence of low angle boundaries (see Figure 1.34(c)).  
 
Figure 1. 34 Figure showing (a) EBSD map of recrystallized twins and tensile twins, (b) High 
 and low angle boundaries formed within a contraction twin and, (c) No TDRX observed in  
 tension twins[116] 
Shear bands are formed under severe deformed conditions mainly during the extrusion process, which 
provides favourable sites for recrystallization in magnesium [118-121]. This mechanism is referred 
to as Shear Band Nucleation (SBN).  
Particle concentrated deformation is also found to create site for recrystallization. This mechanism is 
referred to as Particle Stimulated Nucleation (PSN). In this mechanism, the deformation around the 
particle forms the subgrain structure of low angle boundaries and growing into high angle boundaries. 
PSN is observed in magnesium alloys as shown in Figure 1.35 [122, 123]. 
 
        Figure 1. 35 Optical image showing PSN in rolled magnesium sheet [122, 123] 
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1.7.1  Effect of solute on DREX 
 
Alloying additions arrest the progression of recrystallization by imposing solute drag on grain 
boundaries or by precipitation (Zener) pinning [111, 124].“Solute drag” is the term given for the 
interaction between solute atoms and high angle grain boundaries during dynamic and static 
recrystallization [125]. Solute drag is caused by the segregation of solute atoms to the grain boundary, 
this segregation restricts the boundary motion.  
The effect of solutes on boundary mobility is relatively well described, and solute segregation is 
known to have a significant effect on boundary mobility [126]. Figure 1.36 shows the relationship 
between mobility and solute content depicting the low mobility and high mobility sections [127]. In 
low mobility regime, boundary migration decreases with increasing solute concentration, and the 
boundary velocity is found to be inversely proportional to the solute concentration. In the high 
mobility regime, solute atoms have no effect on boundary migration. The effect of solutes on 
boundary mobility is reduced at higher temperatures [128]. 
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Figure 1. 36 (a) Effect of Cu and Mg solutes on the growth rate of new grains in deformed Al,  
(b) Effect of Mg on boundary mobility and (c) Effect of Ag on boundary mobility [127] 
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There are relatively few papers in the literature that aim specifically to study the effects of solute drag 
on dynamic recrystallization. Gall and Jonas [129] studied the effect of sulphur on DREX in a Ni 
alloy, and showed that solute drag models explained the drop in boundary mobility that accompanied 
an increase in S concentration. Cram, et al. [130] studied the effect of Sn additions to a Cu alloy. In 
this case too, the addition of solute increases the flow stress of the material, however, the most 
interesting result from this paper was the conclusion that solute retards the nucleation of DREX 
grains, rather than retarding grain growth.  
 
Although there exists other models explaining the effect of solute on DRX [131-134], additional work 
is still required to determine if these models apply to the HCP structure. Extensive research is required 
to understand the solute drag effect in hcp materials. One of the few studies on magnesium has been 
published recently by Robson [135] . This paper explored the effect of solute addition on grain 
boundary segregation and mobility in magnesium. It was shown that solute drag predicted quite well 
the temperature and strain rate regimes in which DREX would be supressed as a result of solute drag. 
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1.8  Summary and scope of thesis 
 
In order to understand the mechanical properties of Mg-Al alloys, it is necessary to understand the 
influence of the Al solute concentration on the four dominant deformation modes in magnesium: 
basal slip, prismatic slip, pyramidal slip and {101�2} twinning. Each of these is likely to be effected 
differently by the solute addition, and quantification of these effects may help us understand why 
changes in alloy content or deformation temperature are often accompanied by an improvement in 
ductility. The experimental approach in this thesis will be to produce highly textured materials, and 
test them in different orientations in order to activate the deformation modes in different proportions 
[11, 12, 66, 67, 79, 136]This gives a robust and reproducible way to examine the different modes. 
The experimental data will be combined with microstructural characterisation and VPSC modelling 
to quantify the effect of Al concentration. The following items will be examined: 
•  The effect of Al concentration on strength and ductility of highly textures polycrystal 
specimens 
• Determine the magnitude of solute strengthening for the individual slip and twin modes 
• Examine the effect of Al concentration on the nucleation, growth and critical stress for 
twinning 
• Utilise the VPSC model to extract the CRSS values for each of the individual slip and twin 
modes, and examine how these are affected by Al concentration and deformation temperature 
In the present work high temperature deformation is also examined. During this process, dynamic 
recrystallization is observed, therefore, the following factors are also examined: 
• Examine the effect of Al concentration on DREX 
• Utilise the different flow stress values for the different test orientations to examine how 
applied stress effects DREX and validation of the solute drag model to describe the observed 
DREX 
• Examine if the model proposed by Cram et al [137], which suggests solutes inhibit DREX 
nucleation more than growth, applies to the present magnesium binary alloys 
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Experimental Methodology 
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2.1  Alloy composition and preparation 
 
Six different alloys of magnesium were chosen for this study. The nominal compositions were 0.2, 
0.5, 1.0, 2.0, 3.0 and 5.0 wt % Aluminium. The specific composition of alloys is given in Table 2.1. 
These compositions were chosen in a way that even at higher aluminium concentration, the alloys 
could be solution treated and quenched to retain a single phase structure. The deformation behaviour 
of pure Mg has been examined by a number of workers since 1930s. Hence, pure Mg data from 
literature is compared with the deformation of Mg-Al binary alloys. 
Element 
Wt% Al 
Mg Al Mn Fe Ni Zr Zn Cu 
0.2 Bal. 0.195 0.0099 0.0022 <0.0010 <0.0010 <0.0028 0.00052 
0.5 Bal. 0.458 0.0138 0.0162 <0.0010 <0.0010 <0.0020 0.00050 
1.0 Bal. 0.887 0.0093 0.0017 <0.0010 <0.0010 <0.0020 0.00050 
2.0 Bal. 1.92 0.0113 0.0051 <0.0010 <0.0010 <0.0020 0.00050 
3.0 Bal. 3.00 0.0094 0.0029 <0.0010 <0.0010 <0.0020 0.00050 
5.0 Bal. 4.73 0.0134 0.0085 <0.0010 <0.0010 <0.0020 0.00050 
Table 2. 1 Composition of Mg-Al alloy with Al (wt %) 
Each alloy was prepared by melting magnesium and the corresponding wt % of Al under argon 
atmosphere in an induction furnace at a temperature of 700°C. The molten metal was poured into 
ingots of 135 mm x 65 mm x 25 mm as shown in Figure 2.1. The weight of the cast alloy obtained 
was about 400 grams.  
 
 
Figure 2. 1 As cast alloy of Mg-Al with 0.2 wt% Al 
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Figure 2. 2 Mg-Al Phase diagram [138] 
These alloys were given a two-step solution treatment in an argon atmosphere at 350°C for two hours 
and then 420°C for three hours and water quenched. The two step process was chosen to attain 
maximum equilibrium solid solubility of aluminium in magnesium at the eutectic temperature (see 
Figure 2.2). 
2.2  Material preparation 
 
The alloys were sectioned into thin strips of length 120 mm width 100 mm and height 5 mm. These 
strips were subjected to hot rolling at 400°C in two passes. Before rolling, each sample was preheated 
heated to 400°C in tube furnace for 30 mins. After the first rolling pass samples were immediately 
placed back again in the tube furnace for another 30 mins before the second rolling pass. In each pass 
a rolling reduction of 50% was applied. After 2 passes total reduction of 75% was achieved, resulting 
in 1.25 mm thickness. These samples of 1.25 mm thickness were used to make specimens for tension 
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test. Same rolling schedule was implied for another set of alloys ending with 10 mm thickness. The 
samples with 10 mm thickness were used to make cylindrical specimens for the compression test. 
 
2.3  Recrystallization and grain size studies 
 
In order to investigate the recrystallization behaviour and obtain a standard grain, small sections of 
dimensions 10 mm x 2 mm were cut from each rolled plate. These sections of cut samples were 
subjected to different annealing treatments at 200°C, 250°C, 300°C, 350°C and 400°C respectively 
for 1 hour and water quenched. 
The annealed sections of all the six alloys were cold mounted using epoxy resin and subjected to 
metallography. Samples for optical microscopy were ground with SiC grit papers of 240,600 and 
1200 grades. The samples were then diamond polished through 9, 6 and 3 micron, and oxide polished 
(Struers OPS). After every stage of polishing, the samples were immersed in ethanol in an ultrasonic 
bath for 5 minutes. Samples were then etched with acetic picral (6 g picric, 100 ml ethanol, 5 ml 
acetic acid and 10 ml deionised water) for 5-8 seconds. Images were recorded at magnification 1000X 
using Olympus DP70 microscope. 
After etching with acetic picral optical images were taken. Etching highlights the grain boundaries. 
The method of linear intercept was used to determine an average grain size. (see Figure 2.3). Line 
segments are superimposed on the optical images and the number of times that grain boundaries are 
intercepted is recorded. The average grain size is calculated by finding the average intercept length. 
Fully recrystallized microstructure was determined optically as shown in Figure 2.3. After observing 
the recrystallized microstructure, an annealing treatment was chosen for each alloy in order to obtain 
a fully recrystallized microstructure with a grain size of (22 ± 3) µm microns as shown in Figure 2.4.   
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Figure 2. 3 Optical micrograph of 0.2 wt% Al 
 
 
Figure 2. 4 Annealing temperature to achieve a standard grain size of (22 ± 3) μm  
 
50 µm 
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2.4  X-ray diffraction (XRD) 
 
The initial texture for all the alloys was measured using XRD. Samples were polished prior to texture 
measurements.Texture analysis was performed using Panalytical X’Pert PRO MRD X-ray diffraction 
system shown in figure .The diffractometer used CuKα radiation of 30kV and 40mA. Texture data 
was collected over the range of 2θ with a step size of 5 degrees and a tilt of 75°. The texture data was 
obtained for (0002) basal plane. The pole figures were corrected for defocusing using a magnesium 
random reference sample.     
 
Figure 2. 5 Experimental setup on an X-ray diffraction system to measure intial texture  
 
2.5  Mechanical testing 
 
2.5.1  Tension 
 
Tensile specimens were machined from the thin sections of the rolled strips using the CNC machine 
as per ASTM E 8, with gauge length of 50 mm and width 1.25mm as shown in Figure 2.7.Tensile 
samples were cut along the RD (rolling direction) with gauge section 25 mm in length and 5mm in 
width. Samples were machined in the hot rolled conditions and then annealed at the appropriate 
temperature (see section 2.3). 
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Figure 2. 6  Geometry of Tensile specimens 
 
 
Tensile test were carried out on an Instron 30 kN screw driven tensile testing machine. Smaller load 
cell of 5 kN was used for these tests to reduce the error. Also, high resolution video extensometer is 
used to measure the tensile strain during the test. The rolling direction was parallel to the tensile 
direction in order to activate the most dominant (prismatic) slip system. Tensile tests were carried out 
at different temperatures -78°C, 25°C, 100°C, 150°C and 200°C. In order to achieve lower 
temperature of -78°C, dry ice setup was used as shown in Figure 2.8. Samples were kept in dry ice 
for 5 minutes prior to the start of each test. For testing at higher temperature (100°C, 150°C and 
200°C), a different set up was used. The temperature gradient across the gauge length of the tensile 
specimen was measured and verified using three thermocouples attached to the sample before testing. 
It was found to be within 3°C of set point over the gauge length of the tensile specimen as shown in 
Figure 2.7. An infrared furnace was used to achieve the given range of temperature and data loggers 
were used to observe the required temperature during testing. Samples were inside the furnace and 
tests were performed once the desired temperature was reached, checked using the data loggers 
provided with furnace.  In order to perform the test at required temperature, tensile samples were 
raised to the required temperature for 5 mins before start of each test, to ensure thermal stability. All 
tests were conducted at a constant strain rate of 0.001/s. To ensure a good statistical data, all tests 
were repeated three times.  
. 
          Chapter 2. Experimental Methodology               60 
         _______________________________________________________________________________                                        
 
 
 
                                                                                                 
Figure 2. 7  Set up to measure the temperature gradient across a tensile specimen 
 
2.5.2 Compression testing 
 
Compression tests were done on screw driven Instron 30kN with a load cell of 5kN. Compression 
tests were carried out at three different temperatures (-78°C, 25°C and 200°C). Similar to tensile tests, 
the samples were higher temperature was achieved using an infrared furnace and cryogenic 
temperatures were achieved using dry ice. Prior to each testing all samples were raised to the required 
temperature for 5 minutes, before each test. Samples were wrapped with Teflon tape helping in 
compression, during the tests. Figure 2.8 below shows the compression rig used for lower temperature 
tests. 
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Figure 2. 8  Compression rig for low temperature (-78°C) testing 
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 Figure 2. 9 Compression rig for high temperature testing 
 
 
Compression tests were done on the samples at three different orientations, RD (Rolling Direction), 
ND (Normal Direction), and in the 45° in order the study the deformation of different slip systems 
and twinning. Samples were hot rolled at 400°C in two successive passes. Each rolling pass achieved 
a reduction of 50% of the original. Rectangular pieces of dimensions 50 mm length, 15 mm height 
and 8 mm wide were sectioned from the rolled sheet. The rectangular samples were then shaped into 
cylinders of height 10 mm and radius 6 mm as shown in figure 1. In order to compare the volume 
fraction of twins with compressive strains bigger samples were wire cut. The dimensions of these 
samples were 15mm x 10 mm. 
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Figure 2. 10  Schematic representation of compression sample orientation and dimensions cut 
from the rolled sheets 
2.5.3  Determination of yield point 
 
The stress strain curves of various deformation modes are presented in chapter 3.Each test was 
repeated 3 times. The yield point was calculated using the 0.2% offset method. This method used a 
straight line parallel to the elastic limit at 0.2% strain. The point of intersection of the curve and line 
is taken as the yield point. As it was difficult to locate the yield point for 45° compression from stress-
strain curves, an alternative method was used to calculate the yield point. During compression along 
45°, the yield strength was calculated by taking the derivative of the stress-strain data as shown below 
in Figure 2.11. 
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Figure 2. 11 Method for calculation yield point during compression along 45° to activate basal 
slip 
 
2.6  Electron Backscattered Diffraction 
 
Electron back scattered diffraction (EBSD) was used to examine the microstructure and texture of selected 
specimens.  Samples were polished in a similar manner as used for optical imaging. After polishing samples 
were subjected to acetic nital and silver coating was used on the stubs used to hold the samples before maps 
were taken for EBSD. All maps were taken on LEO 1530 field emission SEM. The LEO 1530 is a high 
resolution field emission scanning electron microscope (SEM), which was used for programmed EBSD 
analysis. HKL Technology “CHANNEL 5 EBSD” software was used for analysing acquired data by obtaining 
orientation maps and textures. 
EBSD involves the capture of diffraction patterns from the surface of polished metal sample by a sensitive 
charge-coupled device (CCD) camera in a SEM. Experimental setup for automated EBSD analysis is shown 
in Figure 2.12. In the present work, the accelerating voltage used was 20kV and the EBSD maps were 
acquired at a working distance of 8-12 mm. The aperture size was 60 µm and the map step size was 
0.1-1 µm. 
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Figure 2. 12 Experimental setup of EBSD system [139] 
Generally,    the measurement of each orientation acquired by EBSD is expressed using Euler angles 
(φ1, Ф, φ2) [140]. These set of rotations are used to represent the transformation from the macroscopic 
sample coordinate system to the orthonormal crystal coordinate system. This transformation can also 
be represented by a rotation matrix “g” as follows [38]: 
 
𝒈𝒈 =  �cos𝜑𝜑1 cos𝜑𝜑2 −  sin𝜑𝜑1  sin𝜑𝜑2 cosФ −cos𝜑𝜑1  sin𝜑𝜑2 −  sin𝜑𝜑1  cos𝜑𝜑2 cosФ sin𝜑𝜑1 sinФsin𝜑𝜑1 cos𝜑𝜑2 + cos𝜑𝜑1  sin𝜑𝜑2 cosФ −sin𝜑𝜑1  sin𝜑𝜑2 +  cos𝜑𝜑1  cos𝜑𝜑2 cosФ −cos𝜑𝜑1 sinФsin𝜑𝜑2 sinФ cos𝜑𝜑2 sinФ cosФ � 
Also, “g” in terms of Miller indices g{(hkl)[uvw]} is defined as  
𝒈𝒈 =  
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Where, N1 = (u2 + v2+ w2)1/2 
           N2 = (h2 + k2+ l2)1/2 
            N3 = N1 * N2 
Figure 2.13 shows the Bunge’s Euler angles (φ1, Ф, φ2) [36]. External reference system is represented 
by 〈𝑥𝑥1𝑥𝑥2𝑥𝑥3〉 with respect to the specimens. In case of a rolled sheet, 𝑥𝑥1 is the rolling direction and 𝑥𝑥2 
is the sheet plane normal. The crystal reference system is represented by 〈𝑥𝑥1𝑐𝑐𝑥𝑥2𝑐𝑐𝑥𝑥3𝑐𝑐〉 with respect to the 
crystal lattice. For hcp metals, [211����0] could be chosen for 𝑥𝑥1 and [0001] for 𝑥𝑥3. 
 
Figure 2. 13 Bunge’s Euler angles [36] 
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3.1 Introduction  
 
The five alloys were subjected to plastic deformation in tension and compression at temperatures of 
-78°C, 25°C (room temperature), and 200°C at a constant strain rate of 0.001s-1. Samples tested at 
200°C were quenched immediately after testing to retain the actual microstructure and study the 
recrystallization behaviour. The flow stress for each curve was recorded as a function of strain. These 
tests were conducted to activate the following deformation modes. 
1) Tension along rolling direction (Prismatic Slip) 
2) Compression along rolling direction (Twinning) 
3) Compression along normal direction (<c+a> slip)  
4) Compression along 45° (Basal Slip) 
 
3.2 Mechanical behaviour in tension 
 
Samples were subjected to uniaxial tension along the rolling direction in order to activate the 
prismatic slip system. All the stress strain curves for the tensile tests are shown below (Figure 3.1 to 
Figure 3.6). Tensile tests were carried out at six different temperatures from -78°C to 200°C for lower 
concentrations of aluminium up to 5.0 wt%. Not all concentrations were tested at six different 
temperatures, only lower concentration up to 1.0 wt%.  In most cases, only data for three temperatures 
are shown. All samples were deformed till fracture. It can be seen that with increasing temperature, 
the flow stress decreases. Also, ductility increases with temperature.  
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(a)  -78°C     (a)  -78°C 
 
 
(b) RT          (b)  RT 
 
 
(c)  200°C         (c)   200°C 
Figure 3. 1 Flow curves for the 0.2 wt% Al           Figure 3. 2 Flow curves for the 0.5 wt% Al 
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                            (a)  -78°C           (a)  -78°C 
 
                (b)  RT         (b) RT 
 
(c)  200°C       (c)   200°C 
 
Figure 3. 3 Flow curves for the 1.0 wt% Al  Figure 3. 4 Flow curves for the 2.0 wt% Al 
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   (a)  -78°C          (a)  -78°C      
 
   (b)  RT          (b) RT    
 
 
                              (c) 200°C          (c) 200°C 
 
Figure 3. 5 Flow curves for the 3.0 wt% Al Figure 3. 6 Flow curves for the 5.0 wt% Al 
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  3.2.1 Effect of temperature on tensile behaviour 
 
Figure 3.7 summarizes the flow stress data for the full experimental set. From this figure it can be 
seen that, in general, increasing temperature increases the ductility but decreases the flow stress for 
all of the tested alloys.  
 
Figure 3. 7 Effect of temperature on mechanical behaviour in tension 
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The effect of temperature on the yield point of three selected alloys is shown in Figure 3.8. It can be 
seen that with increasing temperature the yield stress drops, and that the higher concentration alloys 
show higher yield stresses. The drop in yield stress with temperature is not linear, but plateaus towards 
the higher temperature ranges. 
 
Figure 3. 8 Temperature dependence of yielding in tension 
The effect of Al concentration on yield point is summarised for all alloys and temperatures in Figure 
3.9. It can be seen that the yield point increases linearly with the square root of concentration. 
 
          Figure 3. 9 Alloying effect on yielding in tension  
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The effect of temperature on total elongation and uniform elongation are shown in Figure 3.10. The 
total ductility is markedly increased with increasing deformation temp, and Al concentration does not 
have a significant effect on this parameter.   The uniform elongation drops slightly with temperature, 
but this is not marked. Again, composition has very little effect on uniform elongation. This is also 
evident from Figure 3.11 where the elongation is plotted as a function of Al concentration for all 
alloys tested. 
 
 
(a)                                                                           (b) 
     Figure 3. 10 Effect of temperature on (a) ductility and (b) uniform elongation 
 
 
(a)            (b) 
      Figure 3. 11 Alloying effect on (a) total elongation and (b) uniform elongation at different  
                            temperatures 
          Chapter 3. Experimental results               75 
         _______________________________________________________________________________                                        
 
 
 
3.3 Mechanical behaviour of RD compression 
 
The flow stress as a function of strain for the RD compression samples is shown in Figure 3.12 to 
3.17. At 200°C, the stress-strain behaviour of Mg- Al alloys exhibit a lower flow stress than at -78°C 
and RT. 
 
(a) -78°C                                              (a)  -78°C 
     
                                 (b) RT        (b) RT 
 
             (c) 200°C                                        (c) 200°C 
Figure 3. 12 Flow curves for the 0.2 wt% Al         Figure 3. 13 Flow curves for the 0.5 wt% Al 
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(a) -78°C         (a) -78°C 
          
      (b)  RT                       (b) RT     
 
(c) 200°C          (c) 200°C 
 
Figure 3. 14 Flow curves for the 1.0 wt% Al         Figure 3. 15 Flow curves for the 2.0 wt% Al 
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(a) -78°C        (a) -78°C 
   
(b) RT                   (b) RT 
 
(c) 200°C         (c) 200°C 
 
Figure 3. 16 Flow curves for the 3.0 wt% Al         Figure 3. 17 Flow curves for the 5.0 wt% Al 
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The effect of aluminium concentration on yield point in compression along the rolling direction is 
summarised in Fig 3.18. Compression of samples in the RD showed an increase in yield stresses with 
increasing Al concentration and decreasing temperature, Figure 3.18. Some samples were repeated in 
the room temperature set, and these are shown Figure 3.18 with black points. 
 
 
Figure 3. 18 Alloying effect on yielding defined by twinning 
 
 
Figure 3. 19 Temperature dependence of yielding defined by twinning 
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3.4 Mechanical behaviour of ND compression 
Samples were subjected to uniaxial compression along the normal direction in order to activate <c+a> 
slip system. Compression tests were carried out at three different temperatures from -78°C, RT, and 
200°C. Figure 3.20 to 3.25 below show the flow curves for the compression test. Similar to the other 
test orientations, increasing the deformation temperature decreased the flow stress, and increased the 
elongation to failure.  
 
(a) -78°C             (a) -78°C 
(b) RT                                            (b) RT 
(c) 200°C                                      (c) 200°C 
Figure 3. 20 Flow curves for the 0.2 wt% Al         Figure 3. 21 Flow curves for the 0.5 wt% Al 
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(a) -78°C                   (a) -78°C 
 
(b) RT                       (b) RT 
 
(c) 200°C                                (c) 200°C 
 
 Figure 3. 22 Flow curves for the 1.0 wt% Al        Figure 3. 23 Flow curves for the 2.0 wt% Al 
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(a) -78°C                                                           (a) -78°C 
 
(b) RT            (b) RT 
 
(c) 200°C                                         (c) 200°C 
   Figure 3. 24 Flow curves for the 3.0 wt% Al      Figure 3. 25 Flow curves for the 5.0 wt% Al 
 
The yield strength of all of the specimens in this data set have been plotted together as a function of 
Al concentration in Figure 3.26 (a). With increasing Al concentration, the yield stress increases for 
all deformation temperatures. Samples oriented for pyramidal slip activation showed highest strength. 
Hence, the maximum compressive strength was plotted and also increased with concentration, Figure 
3.26 (b). 
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(a)                                                                        (b) 
Figure 3. 26 Alloying effect on (a) yielding defined by <c+a> slip and (b) maximum compressive 
strength at different temperatures 
 
The data is replotted in Figure 3.27 to show the effect of deformation temperature on three selected 
alloys. It can be seen that temperature has a significant effect on the yield stress for all three alloys. 
The maximum stress (UCS) showed quite different behaviour. At -78°C all alloys show a similar 
UCS, but at 200°C the 5 wt % alloy shows a significantly higher UCS than the other two alloys.  
 
(a)                                                                        (b) 
Figure 3. 27 Effect of temperature on (a) yielding and maximum compressive strength for 
various Al concentration 
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3.5 Mechanical behaviour of 45° samples in compression 
Samples were cut from thick plate at an angle of 45° to the normal direction. Compression tests were 
carried out at three different temperatures from -78°C, RT, and 200°C. Figure 3.28 to 3.33 below 
show the flow curves for these compression tests.  
 
(a) -78°C                       (a) -78°C 
 
(b) RT                                       (b) RT 
 
(c) 200°C                                 (c) 200°C 
Figure 3. 28 Flow curves for the 0.2 wt% Al        Figure 3. 29 Flow curves for the 0.5 wt% Al 
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(a) -78°C                                    (a) -78°C 
 
 
(b) RT              (b) RT 
 
(c) 200°C             (c) 200°C 
 Figure 3. 30 Flow curves for the 1.0 wt% Al        Figure 3. 31 Flow curves for the 2.0 wt% Al 
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(a) -78°C          (a) -78°C 
 
(b) RT                      (b) RT 
 
 
(c) 200°C                                    (c) 200°C                  
   Figure 3. 32 Flow curves for the 3.0 wt% Al      Figure 3. 33 Flow curves for the 5.0 wt% Al       
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The yield strength of these specimens was determined from the point of inflection in the flow curve, 
as described in section 2.5.4, chapter 2. The yield strength data for the data set is summarised in 
Figure 3.34 (a). Although increasing the temperature decreased the yield stress, this effect was not as 
marked as in the other test orientations. There was a significantly more marked difference in the UCS 
after different deformation temperatures, Figure 3.34 (b).  
  
(a)                                                                        (b) 
    Figure 3. 34 Alloying effect on (a) yielding and (b) maximum compressive strength at  
                          different temperatures  
  
(a)                                                                        (b) 
Figure 3. 35 Effect of temperature on (a) yielding and (b) maximum compressive strength for  
                     various Al Concentration 
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The effect of Al concentration on the yield stress and maximum stress (UCS) are shown in Figure 
3.35. It can be seen that yield stress and maximum stress (UCS) decreases at higher temperature for 
all three alloys. Also, at 200°C the 5 wt % shows significantly higher UCS than the other two alloys. 
3.6 Microstructural Examination 
3.6.1 Texture measurement of starting materials 
The texture of the five alloys were measured using X-ray diffraction. The basal pole figure for each 
of the specimens are shown in Figure 3.36. The rolling direction (RD) is the vertical direction 
(represented by an arrow) and the transverse direction (TD) is the horizontal direction in the pole plot. 
It is clear from Figure 3.36 that the alloy sheet has a strong {0002} texture which is typical for rolled 
magnesium alloys. The strong basal texture confirms that most of the grains have their basal planes 
parallel to the rolling plane with some spread in rolling direction (RD). As the Al content was 
increased, the texture was found to be evenly spread in rolling direction and transverse direction. Pole 
plots showing the texture intensity as a function of phi, the angle from the centre of the pole figure, 
is shown in Figure 3.37. This confirms the texture is quite similar in all the specimens. 
                    
                                              
(a) 0.2 wt% Al                        (b)  0.5 wt% Al   (c)  1.0 wt% Al 
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           (d)   2.0 wt% Al             (e) 3.0 wt% Al                 (f)   5.0 wt% Al           
Figure 3. 36 Texture measurement for various alloys using X-ray diffraction system  
 
 
Figure 3. 37 Pole plot for the six alloys showing the similarity in their textures. 
          Chapter 3. Experimental results               89 
         _______________________________________________________________________________                                        
 
 
 
 
3.6.2 Deformed microstructures 
 
Figures 3.38 to 3.40 show the deformed microstructures of samples 0.2 wt% Al and 5.0 wt% Al. The 
figure shows two deformation temperatures, room temperature and 200°C. It can be seen that at the 
lower deformation temperature, features typical of plastic deformation can be observed. The grain 
structure, which was initially equiaxed, becomes elongated as a result of deformation. In specimens 
compressed in the <a> axis, prolific twinning is confirmed.  
Dynamic recrystallization (DRX) was observed in all specimens deformed at 200°C. The duration of 
the test was approximately 400 seconds. Optical micrographs revealed that the Mg-Al alloy with 0.2 
wt% Al was found to be fully recrystallized. For all other alloys, small DREX grains were observed 
along the grain boundaries. The volume fraction of recrystallized grains decreased with increasing 
aluminium content. 
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 0.2 wt% Al 5.0 wt% Al 
 
 
 
 
 
 
-78˚C 
  
 
 
 
 
 
 
RT 
  
 
 
 
 
 
 
200˚C 
  
 
Figure 3. 38 Optical micrographs of crystals oriented for twinning 
 
 
 
 
RD 
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 0.2 wt% Al 5.0 wt% Al 
 
 
 
 
 
 
-78˚C 
  
 
 
 
 
 
 
RT 
  
 
 
 
 
 
 
200˚C 
  
 
Figure 3. 39 Optical micrographs of crystals oriented for basal slip 
 
 
 
BASAL 
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 0.2 wt% Al 5.0 wt% Al 
 
 
 
 
 
 
-78˚C 
  
 
 
 
 
 
 
RT 
  
 
 
 
 
 
 
200˚C 
  
 
Figure 3. 40  Optical micrographs of crystals oriented for <c+a> slip 
Optical micrographs revealed that the Mg-Al alloy with 0.2 wt% Al was found to be fully 
recrystallized with 6-8µm grain size. For the Mg-Al alloy of 5.0 wt% Al, fewer recrystallized grains 
of 3-5 µm were observed along with grain boundaries. The volume fraction of recrystallized grains 
decreased with increasing aluminium content. 
ND 
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          (a) 
 
 
 
 
 
  
 
      
 
                    (b) 
Figure 3. 41 Optical micrograph of (a) 5.0 wt% and (b) 0.2 wt% Al compressed along the   
                      rolling direction showing DRX grains 
RD 
RD 
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Also, 5.0 wt% was not fully recrystallized, so it was chosen for EBSD mapping. EBSD was used to 
further examine selected samples deformed at 200°C.  This confirmed the presence of very small 
DREX grains of approximately 3-4 microns in diameter in the highest concentration alloy.  The EBSD 
analysis and optical micrographs were used to collate the size and volume fraction of DREX grains, 
and this is summarised in Table 3.3. Optical images were not clear enough to locate the DRX grain 
size for the prismatic deformation mode. 
. 
 
Figure 3. 42 Evidence of DRX for 5.0 wt% Al at 25% strain  
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Sample/            
Deformation 
Mode 
Maximum 
Stress 
Volume 
fraction of 
DREX 
DRX 
Grain Size 
(± 0.5 µm) 
Stress at 
fracture  
Maximum 
Strain 
Uniform 
Strain 
       BASAL 
 
0.2 60 95 2 42 35 10 
0.5 68 70 5 55 35 13 
1 74 30 3 64 33 20 
2 91 30 1 68 35 15 
3 120 25 2 88 35 20 
5 124 10 1 87 34 15 
 PRISMATIC 
 
0.2 64 100 4 32 47 4 
0.5 63 
  
21 64 4 
1 70 
  
25 48 10 
2 91 30 2 53 50 7 
3 98 
  
60 49 10 
5 119 30 1 78 40 10 
       <c+a> 
 
0.2 76 95 2 53 43 12 
0.5 78 70 8 63 43 13 
1 104 40 6 84 44 18 
2 116 15 1 88 28 12 
3 140 20 1 97 30 14 
5 198 6 1 150 27 11 
  TWINNING 
 
0.2 68 75 8 55 75 20 
0.5 79 75 3 58 65 22 
1 91 75 2 70 65 25 
2 115 25 1 75 50 25 
3 94 25 1 68 40 18 
5 150 9 1 115 43 20 
 
Table 3. 1 Values of DRX grain size, stress, uniform strain and volume fraction of DRX grains.  
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3.7 Effect of aluminium concentration on twinning  
 
To study the effect of aluminium solute on twinning,  additional samples were compressed along the 
rolling direction.Compression tests were carried out to achieve different strains The stress-strain 
curves for the interrupted compression tests at approximately 2, 4, 6 and 8% strain. From the six 
different alloys examined in this thesis only three were chosen. The flow curves for 0.2 wt% Al 
concentration and 5.0 wt% Al concentration are shown in Figure 3.43 below. 
 
Figure 3. 43 Stress-strain curves for interrupted compression tests at different strains  
   
Samples from all compression tests were examined optically as shown in Figure 3.44. It can be seen 
that the volume fraction of twins increased with increasing compressive strain. There was no 
significant effect of Al concentration on volume fraction of twins. Selected samples were also 
examined with EBSD, as shown in Figure 3.45 to 3.46. The starting material had a strong texture, 
therefore, new orientations outside this texture were the result of the reorientation resulting from 
twinning.  Hence, the volume fraction of twins was measured from the EBSD data using orientation 
of grains to determine if the region was a twin or a parent.  
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Strain 
Concentration (wt% Al) 
 0.2         1.0 5.0 
 
 
1% 
  
 
 
 
2% 
   
 
 
4% 
   
 
 
6% 
   
 
 
8% 
   
Figure 3. 44 Optical micrographs of interrupted compression tests at varying strains 
50 µm 50 µm 
 
50 µm 
 
50 µm 
 
50 µm 
 
50 µm 
 
50 µm 
 
50 µm 
 
50 µm 
 
50 µm 
 
50 µm 
 
50 µm 
 
50 µm 
 
50 µm 
 
50 µm 
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(a)  2% strain             (b) 4% strain 
 
     
      
                          (c) 6% strain                        (d) 8% strain 
Figure 3. 45 EBSD analysis showing volume fraction of twins for 0.2 wt% Al at different strains 
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(a) 2% strain             (b) 4% strain 
          
       
                      (c) 6% strain                    (d) 8% strain 
Figure 3. 46 EBSD analysis showing volume fraction of twins for 5.0 wt% Al at different strains 
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    (a)                                                                      (b)  
Figure 3. 47  Effect of (a) compressive strain and (b) Al concentration, on volume fractions of  
                       twins during compression  
          Chapter 4. Discussion on mechanical behaviour         101 
         _______________________________________________________________________________                                        
 
 
 
 
 
  Chapter 4 
 
Discussion on mechanical behaviour 
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4.1 Review of mechanical test data 
 
A range of magnesium based alloys were prepared with different Al concentrations between 0.2 and 
5.0 wt% Al. The alloys were subjected to tension to activate prismatic slip and compression to activate 
twinning, <c+a> slip and basal slip [141]. The yield point data for the different deformation strain 
paths is summarised in Figures 4.1 to 4.3. It can be seen that for all alloys the samples oriented for 
prismatic and pyramidal slip activation have the highest yield strengths. In general, increasing the 
temperature decreased the yield stress, and increasing the Al concentration increased the yield stress. 
There was only one exception to this observation. The specimens that were cut at 45° to the rolling 
plane, which were deforming principally by basal slip, showed a drop in yield stress with increasing 
Al concentration. However, the drop is not statistically significant.  In the following sections, this 
yield strength data will be used to estimate the CRSS for the four deformation modes, for three 
temperatures, as a function of Al concentration. 
 
 
Figure 4. 1 Effect of aluminium concentration on yield strength at -78°C  
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Figure 4. 2 Effect of aluminium concentration on yield strength at room temperature  
 
Figure 4. 3 Effect of aluminium concentration on yield strength at 200°C 
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4.2 Tensile deformation to activate prismatic slip 
 
Tensile deformation of strongly textured rolled Mg is dominated by prismatic slip [141]. The tensile 
test is therefore considered an indicator of prismatic slip behaviour. The effect of Al content on the 
yield strength of the tensile specimen is depicted in Figure 3.8 for deformation at -78°C, room 
temperature and 200°C. The plots indicate solute hardening of the prismatic slip system with 
increasing Al concentration. At -78°C, the increase in yield strength from 0.2 to 5.0 wt% Al was 
almost 52 MPa, whereas at 200°C this difference was reduced to approximately 28 MPa (Table 3.1).  
The CRSS for prismatic slip is estimated from the relationship, CRSS = m . σ. The value of m is 
taken from literature, and is the average Schmid factor for prismatic slip in these specimens for this 
test orientation [142]. The effect of Al content on the estimated CRSS is plotted in Figure 4.4. It can 
be seen that for the present samples, the CRSS increases with Al concentration at all temperatures. 
The current data is compared with CRSS values taken from Akhtar and Teghtsoonian [12] published 
data on Mg-Zn and Mg-Al alloys. It can be seen that single crystal and polycrystal data are quite 
different. Single crystal do not show hardening instead show softening for some concentrations. 
  
(a)                                                                           (b)     
Figure 4. 4 (a) Comparison of CRSS versus C1/2 for current data with Literature 
                  (b) Comparison of ∆CRSS versus C1/2 for current data with Literature [12] 
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Akhtar and Teghtsoonian [12] observed solute softening of the prismatic slip system with Al 
additions. They proposed that solutes decreases the stress required for cross slip of screw dislocations 
onto prismatic plane. Recently, a similar solute softening effect of Al on the prismatic plane has been 
reported [143]. They found softening of prismatic slip due to ease of both cross slip of dislocations 
and ability of dislocations to form a jog-pair. 
 Also, Stanford and Barnett [17] investigated the effect of Zn concentration and grain size on 
prismatic slip system. Zn addition produced solute strengthening effect for grain sizes smaller than 
50 µm and solute softening effect for grain sizes above 50 µm. They explained solute softening effect 
in larger grain size due to the reduction of stress required for cross slip in the presence of solutes, and 
solute hardening effects in smaller grain size where yielding is determined by Hall-Petch type 
hardening. It seems likely that the same explanation is consistent here: single crystal show solute 
softening, but polycrystals show solute hardening for the grain size of 20 µm which was examined 
here. 
The effect of Al content on the uniform elongation is shown in Figure 3.11 for the three test 
temperatures. It can be seen that the uniform elongation remains constant with increasing Al 
concentration. Total elongation also remains constant with the addition of Al. The reason that the 
ductility remains largely the same for all Al concentrations is because ductility is determined mainly 
by grain size and texture [16, 144, 145]. Since all samples had effectively the same grain size and 
texture, no significant change in ductility could be detected amongst the sample.  
4.3 RD compression to activate twinning 
 
Compression of the RD orientation activates prolific {101�2}  twinning, and yielding of this test type 
is known to be dictated by the initiation of twinning [105]. Therefore, the yield stress here is converted 
to an estimated CRSS by the equation, CRSS = m . σ, assuming m = 0.38 which is the average Schmid 
factor for twinning of this orientation .This analysis (Figure 4.5) indicates the solute hardening of the 
twinning system with increasing Al concentrations. Recently, Mathis et.al [143] reported the solute 
strengthening effect on twin growth for Mg-Al binary system. Their results are in good agreement 
with the present work, Figure 4.5.  
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     Figure 4. 5 Alloying effect on yielding defined by twinning estimated from experimental  
                        [143]  and  theoretical [146] research 
The effect of Al content on the maximum strength is shown in Figure 4.6 for the three test 
temperatures. It can be seen that at lower temperature, the maximum strength remained constant with 
the addition of Al. At higher temperatures, the maximum strength increased with addition of Al. The 
increment in maximum strength from 0.2 wt% to 5.0 wt% Al is approximately 82 MPa.  
 
Figure 4. 6 Alloying effect on maximum compressive strength at different temperatures 
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Figure 4.7 compares the theoretical maximum with Figure 3.47 and shows that the volume fraction 
of twins was found to increase with increasing compressive strain in the current studies as well. Also,  
Figure 4.7 indicates that no distinct change was seen in volume fraction of twins with increasing 
concentration of Al. Therefore, although the stress increased slightly with Al concentration, the 
amount of strain accomodated by twinning remained unchanged. This is similar result to that observed 
in AZ91 where precipitation did not effect the volume fraction of twins [147]. 
 
Figure 4. 7 Alloying effect on volume fractions of twins during compression  
 
4.4 ND compression to activate pyramidal slip 
 
Compression of the c-axis is known to activate <c+a> slip and in the following discussion this is 
assumed to be the dominant deformation mode. The effect of Al content on the yield strength of the 
<c+a> slip system is depicted in Figure 3.26(a) at -78°C, room temperature and 200°C. The plots 
indicate the solute hardening of the <c+a> slip system with increasing Al concentrations. Solute 
hardening of <c+a> slip has been reported by Obara et.al, in magnesium single crystals and also by 
Agnew et.al, in Mg and solid solution alloys containing Li or Y [72, 94]. The effect of Al content on 
the CRSS values is shown in Figure 4.8. For computing a change in CRSS, the graph of CRSS versus 
C1/2 was extrapolated backwards to locate the y-intercept. This value is subtracted from the CRSS 
values to evaluate ∆CRSS. The current data shows that CRSS value increases up to 4 times in the 
given range of Al concentration. 
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Figure 4. 8 Comparison of CRSS versus C1/2 for current data 
The effect of Al content on the maximum strength is shown in Figure 4.9 at -78°C, room temperature 
and 200°C. It can be seen that at low temperatures, the maximum strength remained constant with 
addition of Al concentration. At higher temperature, maximum strength increased with addition of 
Al. The magnitude of maximum strength is quite low at higher temperature than at lower temperature 
with Al additions. 
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Figure 4. 9 Alloying effect on maximum strength and yield point at (a) -78°C, (b) RT and (c) 
200°C  
   
 4.5 45° compression to activate basal slip 
 
The effect of Al content on the yield strength of the 45° samples, oriented for basal slip, is depicted 
in Figure 3.34(a) at -78°C, room temperature and 200°C. The plots indicate the yield strength of basal 
slip remains insensitive to Al concentration at all temperatures. 
The yield stress is converted to CRSS by the relationship CRSS= σ * m, where m is the average 
Schmid factor for basal slip, 0.36. The effect of Al content on the CRSS values is shown in Figure 
4.10. The current data is compared with CRSS values taken from published data by Akhtar and 
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Teghtsoonian [11] on Mg-Al and Mg-Zn alloys. Mg-Zn data is used to compare the effect of solutes 
on CRSS along with Mg-Al alloys as the Mg-Al data from literature is limited to 0.2 wt% Al. It can 
be seen that Akhtar and Teghtsoonian measure a small increase in CRSS with Al concentration, but 
the present results show a small drop in stress. This is likely to be due to experimental error, and 
indicates only a small solute strengthening effect on the basal slip system. 
 
Figure 4. 10 Comparison of basal CRSS values from the present data against those from 
literature for different Al concentrations. 
 
The effect of Al content on the maximum strength is shown in Figure 3.34(b) at -78°C, room 
temperature and 200°C. It can be seen that at lower temperature, the maximum strength remained 
constant with addition of Al concentration. At higher temperature, maximum strength increased with 
addition of Al concentration. The difference in maximum strength is approximately 63 MPa for higher 
Al concentration.  
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4.5 Comparison of different deformation modes with varying solute concentration 
 
(a)                                                                                      (b) 
Figure 4. 11 Estimated CRSS values of slip and twinning systems at (a) room temperature and  
                              (b) 200°C, as a function of Al concentration 
The CRSS values obtained in tensile and compression tests for various solute concentrations are 
summarized in Figure 4.11 for selected temperature of 25°C and 200°C. It was found that at all 
temperatures, the <c+a> slip system shows the highest CRSS values, followed by prismatic slip, 
twinning and basal slip (τpyramidal > τprismatic > τtwin > τbasal). The effect of solutes on the CRSS values 
of prismatic and <c+a> slip is quite distinct as seen in Figure 4.11. At room temperature the difference 
in the maximum hardening was almost 60 MPa (between <c+a> and basal). This difference was 
reduced to 45 MPa at higher temperature. 
4.6 Effect of temperature on prismatic slip 
 
In the results section it was shown that the flow stress decreases with increasing deformation 
temperature. During tension in the RD, prismatic slip {10𝟏𝟏�0} <11𝟐𝟐�0> is the main deformation due 
to the strong basal texture of the present samples. It is seen that the estimated CRSS for prismatic slip 
decreases with increasing temperature, Figure 4.12. Prismatic slip dislocations “cross slip” from basal 
to the prismatic plane. This process is thermally activated, hence becomes easier at higher 
temperatures. Akhtar and Teghtsoonian report that the CRSS for prismatic slip decreases with 
increasing temperature [12]. A summary of literature data on prismatic slip is also shown in Figure 
4.12. Good agreement between the literature data on pure magnesium and the present specimens with 
low Al concentrations is found. 
          Chapter 4. Discussion on mechanical behaviour         112 
         _______________________________________________________________________________                                        
 
 
 
 
Figure 4. 12 Effect of temperature on the ease of prismatic slip during tension in pure Mg  
 
The effect of temperature on uniform elongation is shown in Figure 3.10 at -78°C, room temperature 
and 200°C. It can be seen that the uniform elongation drops slightly with temperature, but this is not 
marked. Also, composition has very little effect on uniform elongation.  However, Figure 3.10 shows 
that the ductility increases significantly with increasing temperature. Agnew [30] suggested that the 
ease of <c+a> slip is a critical factor in determining the ductility of textured magnesium sheets. Also, 
dynamic recrystallization is known to enhance ductility at higher temperatures [58]. Recently, Atwell 
et.al  [148], reported similar results on ductility with increasing temperature  for AZ31 magnesium 
alloy and suggested the importance of grain boundary sliding at higher temperatures. The results are 
compared in Figure 4.13 and Figure 4.14. It can be seen that the similar ductility results are seen in 
the present alloys at room temperature and 200°C.  
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Figure 4. 13 Variation of total elongation with temperature [148] 
 
Figure 4. 14 Variation of uniform elongation with temperature [148] 
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 4.7 Effect of temperature on twinning 
 
Compressive deformation of RD specimens activates twinning. Therefore, the yield point is used to 
estimate the effect of temperature on the CRSS for twinning. The effect of temperature on the ease 
of twinning (during <a> axis compression) is shown in Figure 4.15. Deformation twinning is known 
to be athermal [52]. Hence, the CRSS is not considered to be affected by deformation temperature. 
However, the CRSS was found here to decrease slightly with temperature. Agnew [95] has shown 
that approximately half of the strain in this orientation is accommodated by twinning. Therefore, the 
remaining yielding must be accommodated by slip. This explains the change in flow stress at higher 
temperatures. Slip tends to be affected by temperature, therefore, the drop in CRSS for the slip modes 
results in a drop in the yield strength of the RD compression specimens. Also, Roberts and Partridge 
[149] reported accommodation of {101�2} <1�011> twins by basal slip in magnesium. The stresses 
around the twin are accommodated by the formation of kink bands within the twins itself and for the 
opposite twin boundary, stresses are accommodated by packets of slip which propagate through the 
twin itself. Therefore, the slip accommodation process around the twin may also affect the measured 
macroscopic yield stress. 
Figure 4.15 shows that the estimated CRSS from the present polycrystal data is much higher than the 
single crystal data from literature [64, 66, 67]. The large difference in the estimated CRSS, compared 
to the measured data on single crystals is probably due to a grain size effect. Twinning is extremely 
grain size sensitive [150, 151]. Also, grain boundaries play a significant role in twin nucleation. 
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Figure 4. 15 Effect of temperature on the ease of twinning during <a> axis compression  
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4.8 The effect of temperature on <c+a> pyramidal slip 
 
The estimated CRSS for pyramidal slip is shown as a function of temperature in Figure 4.16, along 
with data from literature. A good agreement between the single crystal values and the polycrystal data 
is found for low concentration alloys.  
 
Figure 4. 16 Effect of temperature on the ease of <c+a> slip during <c> axis compression 
 
 4.9 Effect of temperature on basal slip 
 
The effect of temperature on the ease of basal slip (during compression) is estimated in Figure 4.17. 
It can be seen that basal slip is athermal, which is consistent with published literature [66]. The current 
data is higher than that found on single crystals, and this may be due to a grain size effect, but is more 
likely an indicator that in addition to basal slip, this compression test type also deforms by other slip 
modes which have a much higher CRSS than basal slip. Therefore, the yield stress is increased 
accordingly.  
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Figure 4. 17 Effect of temperature on the ease of basal slip during compression  
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4.10 Comparison of the different deformation modes at different temperatures 
 
The CRSS values obtained in tensile and compression tests at various temperatures are summarized 
in Figure 4.18 for selected Al concentrations. At all Al concentrations, the <c+a> slip system shows 
the highest CRSS values, followed by prismatic slip, twinning and basal slip. The effect of 
temperature on the CRSS values of prismatic and <c+a> slip is quite noticeable in Figure 4.18. Both 
of these deformation modes require cross slip, which is thermally activated. The decrease in CRSS at 
higher temperatures is due to thermal energy which assists dislocations to overcome the energy 
barriers resisting cross slip. The energy barrier to dislocation motion in non-basal slip system is quite 
high as compared with basal slip. As a result basal slip with lower energy barriers is found to be 
insensitive to temperature [66]. Cross-slip mechanisms also aids in the nucleation of pyramidal 
dislocations. The basal <a> dislocations cross slip onto prismatic planes and prismatic <a> 
dislocations interact with <c> dislocation forming <c+a> dislocations which cross slips onto 
pyramidal plane [84]. Since the pyramidal and prismatic systems are thermally activated, they are 
more sensitive to temperature change.  
 
  
                                     (a)                                                                            (b)  
Figure 4. 18 Estimated CRSS of slip and twinning systems in (a) 0.2 wt% Al and (b) 5.0 wt% 
Al 
 
On the other hand, twinning and basal slip are athermal. Therefore, there is no significant effect of 
temperature on the CRSS values of basal slip and tensile twinning. The change in flow stress at 200 
˚C is likely to be due to DRX, and a change in the other deformation modes. 
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A comparison of CRSS values for twinning with basal is shown in Figure 4.19. It can be seen that the 
ratio of CRSStwin to CRSSbasal is found to be in good agreement with work done by Stanford and 
Barnett [136], and Ghazisaeidi [152]  on Mg-Zn alloy.  For 0.2 wt% Al, the CRSS values for twin 
were almost similar to the CRSS values for basal slip. For 5.0 wt% Al, the CRSS values for twin were 
significantly higher than the CRSS values for basal slip (see Figure 4.18). Hence, the ratio of  
CRSStwin to CRSSbasal is found to be increasing with solute content. Although the change in the ratio 
is found to be quite small ~ 3. 
 
 
 
Figure 4. 19 Comparison of τtwin / τbasal 
 
4.11 Visco Plastic Self Consistent modelling 
 
The deformation in HCP materials can also be better understood using mathematical modelling to 
extract the contribution of the different deformation modes to plastic deformation. Modelling can also 
help us to predict and understand the deformation behaviour and texture change during deformation. 
The need for modelling arises as it is convenient to fit a large amount of experimental data. The 
modelling technique used is VPSC (Visco-Plastic Self consistent) Model. This model uses the 
approach that each grain is an ellipsoidal shape within an infinite and homogeneous effective medium. 
The properties of each grain is assumed to be similar to that of the average property of polycrystal. 
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In this section, the simulated results are compared with the experimental results such as stress-strain 
response and mode activity. 
4.11.1 Starting point for the VPSC model 
 
In this study to model the deformation process in tension and compression, the VPSC model 
developed by Tome and Lebensohn [96] is employed. The initial step involves generating an input 
texture file obtained from EBSD. The measured initial texture of the material consisted of 5000 
orientations.  The single crystal file is setup with four deformation modes active per grain which 
includes prismatic, basal, pyramidal <c+a> and {101�2} tensile twinning.  Hardening of slip and 
twinning systems is defined by Voce-type hardening law. The evolution of the threshold stress (τc) 
as a function of accumulated shear strain (Γc) in each grain is given by  
   𝝉𝝉𝒄𝒄 =  𝛕𝛕𝟎𝟎 + (𝝉𝝉𝟏𝟏 +  𝜬𝜬𝟏𝟏 𝜞𝜞𝒄𝒄 ) ∗ [𝟏𝟏 − 𝒆𝒆𝒆𝒆𝒑𝒑 �−𝞠𝞠𝟎𝟎 𝜞𝜞𝒄𝒄 𝝉𝝉𝟏𝟏 �]    
The single crystal parameters τ0 (initial CRSS) , 𝝦𝝦0 (initial hardening rate), 𝝦𝝦1 (asymptotic hardening 
rate),  (τ0 +τ1) (the back extrapolated CRSS, see Figure 4.20) were set. In the present study, a (4 x 4) 
matrix of adjustable parameters is set for each deformation mode which also accounts for latent 
hardening. 
 
Figure 4. 20 Schematic representation of parameters governing Voce-type hardening law 
The initial parameters used in this modelling work were those described in the paper by Wang [141], 
see Table 4.1. The only changes made in the present case were modifications in the CRSS, which 
were initially predicted using the method described above where 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ≈ 𝜎𝜎.𝑚𝑚. Table 4.1 and 4.2 
shows the model parameters used for simulating deformation at 25°C and 200°C. 
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              τ0      τ1        𝝦𝝦0       𝝦𝝦1 Latent 
Basal   Variable parameter 1       5000       25 4 
Prismatic   Variable parameter      40        590       50 4 
Pyramidal   Variable parameter      100       5000        0 2 
Tensile twin   Variable parameter        0 0        0 4 
Table 4. 1 Hardening parameters used for VPSC simulation at room temperature [95, 141] 
 
 τ0 τ1        𝝦𝝦0        𝝦𝝦1      Latent 
Basal Variable parameter         1      5000         0 4 
Prismatic Variable parameter        10       590         0 4 
Pyramidal Variable parameter        10      5000         0 2 
Tensile twin Variable parameter         0         0         0 4 
Table 4. 2 Hardening parameters used for VPSC simulation at 200°C [95] 
For simulating the mechanical response of the material, different starting textures were set. RD 
(rolling direction) was defined along z-axis for tension and compression along RD. ND (normal 
direction) was defined along z-axis for compression along ND. For different deformation paths, an 
appropriate tension and compression files were generated defining the boundary conditions using 
incremental straining steps of 0.005. The input boundary conditions involved defining velocity 
gradient and stress components for tension and compression files separately. The interaction strength 
between grain to its neighbour is assigned as neff = 10. Hence, the final simulated stress-strain curves 
were obtained after trying various CRSS ratios. 
4.11.2 Tensile deformation to activate prismatic slip 
VPSC simulation results including the stress strain curves for different aluminium concentrations and 
temperatures are shown in Figure 4.21 to 4.22. The stress-strain curves are plotted only in the plastic 
region. A reasonable prediction of tensile deformation is obtained at room temperature and 200˚C. 
Akhtar and Teghtsoonian [12] reported solute softening of prismatic plane at low solute concentration 
(see Figure 4.4). Current work shows solute hardening of prismatic plane at high solute concentration, 
similar to Hutchison and Barnett [100] as well as Raeisinia and Agnew [87]. Figure 4.23 shows the 
comparison of the experimental yield strength with the simulated ones. The VPSC model reasonably 
predicts the yielding in tension. 
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(a)                                        (b) 
 
                                                                                  (c) 
Figure 4. 21 Comparison of experimental flow curves and VPSC simulation results for alloys  
                     containing (a) 0.2 wt% (b) 2.0 wt% and (c) 5.0 wt% Al at 25°C respectively  
                    during tensile deformation 
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(a)                                                                        (b) 
 
                                                                               (c) 
Figure 4. 22 Comparison of experimental flow curves and VPSC simulation results for alloys  
                   containing (a) 0.2 wt% (b) 2.0 wt% and (c) 5.0 wt% Al at 200°C respectively  
                   during tensile deformation. 
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Figure 4. 23 Comparison of experimental yield strength values for prismatic slip with the  
                      simulated yield strengths  
 
For 5.0 wt% Al at 200°C, simulated results did not fit at higher strains. The model predicts that the 
deformation is mainly dominated by prismatic and basal slip for 5.0 wt% Al. The relative slip activity 
is shown in Figure 4.24. Also, the model predicts additional pyramidal <c+a> slip for 0.2 wt% Al at 
higher strains along with prismatic and basal slip, which is not present for 5.0 wt% Al. The twinning 
activity is not seen in the plot due to negligible input. 
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            (a) 
  
                                  (b) 
Figure 4. 24 Predicted slip activities during tensile deformation at (a) room temp (b) 200°C 
 
 
4.11.3 <a> axis compression to activate twinning 
 
The experimental and VPSC simulation results of stress strain response for samples undergoing <a> 
axis compression are shown in Figure 4.25 to 4.26. Figure 4.27 shows the comparison of the 
experimental yield strength with the predicted results. The model predictions are in good agreement 
with the experimental yield strength. Jain and Agnew [95] assumed that twinning hardens with 
temperature for metals with twin dominated deformation. There was a slight decrease in twinning 
stresses with increasing temperature.  It was observed that there was a slight increase in the twinning 
stresses with increasing Al concentration. Hence, a small degree of hardening was used in the VPSC 
model for predicting the effect of solute on the twinning stresses. 
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(a)                                                                   (b)      
 
       (c)      
 Figure 4. 25 Comparison of experimental flow curves and VPSC simulation results for alloys  
                    containing (a) 0.2 wt% (b) 2.0 wt% and (c) 5.0 wt% Al at 25°C respectively  
                    during <a> axis compression 
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                                                     (a)                  (b) 
                            
                                                                               (c)      
  
Figure 4. 26 Comparison of experimental flow curves and VPSC simulation results for alloys  
                       containing (a) 0.2 wt% (b) 2.0 wt% and (c) 5.0 wt% Al at 200°C respectively  
                       during <a> axis compression 
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Figure 4. 27 Comparison of experimental yield strength values for twinning with the  
                      simulated yield strengths  
 
The simulated results did not fit at higher strains for both temperatures. At room temperature, the 
relative twinning activity drops at higher strains (see Figure 4.28). Also, there was a significant drop 
in the twinning activity at 200°C.  
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            (a) 
  
          (b) 
Figure 4. 28 Predicted twinning and slip activities during <a> axis compression at (a) room  
                    Temperature and (b) 200°C 
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4.11.4 c- axis compression to activate <c+a> slip 
 
The experimental and VPSC simulation results of stress strain response for samples undergoing c- 
axis compression are shown in Figure 4.29 to 4.30. Figure 4.31 shows the comparison of the 
experimental yield strength with the predicted results. The model predictions are in good agreement 
with the experimental yield strength.  
 
 
                                             (a)                                                                               (b)      
 
       (c) 
 
Figure 4. 29 Comparison of experimental flow curves and VPSC simulation results for alloys  
                  containing (a) 0.2 wt% (b) 2.0 wt% and (c) 5.0 wt% Al at 25°C respectively during  
                  c-axis compression 
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                                                    (a)                                                                            (b)      
 
                                                           (c)      
  
Figure 4. 30 Comparison of experimental flow curves and VPSC simulation results for alloys  
                         containing (a) 0.2 wt% (b) 2.0 wt% and (c) 5.0 wt% Al at 200°C respectively  
                         during c-axis compression 
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Figure 4. 31 Comparison of experimental yield strength values for <c+a> slip with the  
                      simulated yield strengths  
The relative activity for each deformation mode room temperature and 200°C is shown in Figure 
4.32. There is negligible twin and prismatic activity at room temperature. The deformation along c-
axis is mainly accommodated by pyramidal and basal slip systems. At higher temperature, the <c+a> 
activity drops significantly for 5.0 wt% Al. This can be explained by the fact that VPSC only accounts 
for intergranular deformation in polycrystals. It does not takes into consideration DREX and Grain 
boundary sliding mechanism. Hence, the percentage of basal activity almost remained unchanged for 
0.2 wt % Al and 5.0 wt% Al irrespective of the temperature. 
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             (a) 
  
             (b) 
Figure 4. 32 Predicted slip activities during tensile deformation at (a) room temp (b) 200°C 
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 4.11.5 Comparison of the different deformation modes 
    
(a)                                                                           (b) 
Figure 4. 33 Initial τ0 values of slip and twinning systems at (a) room temperature and  
                    (b) 200˚C, as a function of Al concentration 
 
For the present simulations, the hardening parameters including τ1, H0, H1 and latent hardening were 
kept constant for room temperature [141] and 200°C [95] , therefore the only parameter varied was 
the τ0 values (the critical resolved shear stress CRSS). The τ0 values optimised for each of the slip 
and twinning systems are shown in Figure 4.33. At all Al concentrations, the <c+a> slip system shows 
the highest CRSS values, followed by prismatic slip, twinning and basal slip. Twinning and basal slip 
are athermal modes, therefore these were kept constant for the two test temperatures. However a 
significant drop in CRSS can be seen for the prismatic and pyramidal slip systems with increasing 
deformation temperature. The effect of aluminium concentration was quite different for the three slip 
modes. Al did not harden the basal slip system, but did increase the CRSS for the two non-basal slip 
modes. A solute hardening of the twin system was also observed from the simulations.  
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4.11.6 Comparison of experimental and simulated CRSS values 
 
The initial estimation of the CRSS values were made by multiplying the Schmid factor by the yield 
point for the relevant test type. These estimates were used to guide the VPSC simulations. These 
experimental estimates are shown with the refined simulation values in Fig. 4.34 and 4.35. The 
experimental estimates were in good agreement with those obtained from VPSC simulations. This 
suggests that solutes play a significant role on mechanical response of Mg-Al alloys for various 
deformation modes [100]. At all Al concentrations, the <c+a> slip system shows the highest CRSS 
values, followed by prismatic slip and twinning. The decrease in CRSS values at higher temperatures 
is quite noticeable for prismatic and <c+a> slip systems (see Figure 4.34 and 4.35), probably because 
these are thermally activated deformation modes that rely on cross-slip mechanisms for dislocation 
propagation.  There is no significant effect of temperature on the CRSS values of twinning. 
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Figure 4. 34 Comparison of simulated CRSS values with the experimental CRSS values for each  
                     deformation mode at room temperature 
       
Figure 4. 35 Comparison of simulated CRSS values with the experimental CRSS values for values  
                     for each deformation mode at 200°C
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Chapter 5 
 
Discussion on Dynamic Recrystallization 
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The process of recrystallization takes place during plastic deformation at elevated temperatures. In 
this course of study, recrystallization studies is carried out on Mg-Al system. This discussion chapter 
aims to investigate the effect of Al concentration, strain and applied stress on dynamic 
recrystallization (DRX). In chapter 3, it was shown that DRX takes place during hot deformation of 
magnesium alloy. Optical micrographs and EBSD was used to confirm the presence of very small 
DREX grains.  
Evidence of DRX is seen during tension and compression at 200°C (see chapter 3, Figures 3.41 - 
3.42). Small DREX grains was observed along the grain boundaries. Table 3.1 shows the results of 
quantitative analysis on DRX grain size, stress, uniform strain and volume fraction of DRX grains. 
The data from Table 3.1 is shown graphically in Figure 5.1.  
 
(a)                                                                         (b) 
 
                                 (c)                                                                          (d) 
Figure 5. 1 Alloying effect on (a) volume fraction of DRX grains and (b) DRX grain size 
 Effect of maximum stress on (c) volume fraction of DRX grains and (d) DRX grain size 
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It can be seen that Al has a significant effect on the volume fraction of DRX grains. The above graph 
shows that with increasing concentration of Aluminium, the volume fraction of DRX grains 
decreases. It is seen that at lower Al concentration more that 85% of the grains are DRX whereas at 
higher concentrations the volume fraction of DRX grains reduces to less than 10%.  
Figure 5.3(b) shows the effect of Al concentration on DRX grain size. It is evident from the plot that 
the size of DRX grains decreases with increasing Al concentration for all deformation modes. A 
power-law relationship between steady state stress (deformation stress) and steady-state grain size 
(mean recrystallized grain size) is typically observed in many materials (σs= K Ds-N), where K is 
expressed as a function of grain boundary diffusivity and volume lattice diffusivity and N < 1 [153]. 
Therefore, the present observation of a smaller steady state grain size with increasing Al concentration 
is consistent with this relationship [130].    
Figure 5.1(c) shows the effect of stress on volume fraction of DRX grains. It is clear from the above 
graph that increase in stress leads to decrease in the volume fraction of DRX grains. This effect is 
likely due to higher Al concentration since Al increases the flow stress of the materials tested here. 
The peak in the flow stress curve of a material undergoing DRX is generally broadened with 
increasing solute content [30, 130, 154]. 
Figure 5.1(d) shows the effect of stress on DRX grain size for different deformation modes. The size 
of the recrystallized grains decreased with the increase in maximum stress, this is again due to the 
increasing aluminium content. It is reported that solute additions raise the peak stress and peak strain 
[137, 155]. Solute additions effect the nucleation of DDRX and also retards the kinetics of 
recrystallization. The results of the current work is compared with the work done by Derby which 
explains the dependence of steady state grain size on flow stress during hot deformation (see Figure 
5.2). Material used in the current study is Mg-Al and Derby worked on pure Mg. In Figure 5.2(b), the 
normalised grain size was calculated using the Burgers vector for basal activity [156]. The magnitude 
of the burgers vector used is 0.32 nm. VPSC model shows that basal slip is a dominant mode in all 
testing conditions in the present study, see Chapter 4.  The calculated values for normalised grain size 
are in good agreement with the values obtained by Derby for different metals, when a single value 
for burgers vector is used. In the course of this study, it is also seen that the normalised stress 
decreases for all deformation modes with decreasing solute concentration. Furthermore it can also be 
seen that the normalised DRX grain size was found to be decreasing with increasing solute 
concentration.  
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(a)                                   (b) 
Figure 5. 2 The relationship between DRX grain size and flow stress at higher temperature [157]  
 
5.1 Effect of solute drag on dynamic recrystallization 
 
Solute drag is temperature, composition and boundary velocity dependant. If the grain boundary 
migration velocity is quite low, then mobility of solute atoms becomes easier. However, when the 
velocity is very high, the mobility of solute atoms produces a retarding solute drag. Various solute 
drag models determine the effect of solute segregation on retarding the grain boundary migration. A 
classical model by Lücke and Detert [158] explained the influence of impurities on grain boundary 
motion and recrystallization. Their quantitative formulation was examined in detail by Cahn [159]. 
Cahn explained the dependence of solute drag on the boundary velocity with respect to the diffusivity 
of the solute and its interaction with the grain boundary. Later known as CLS (Cahn-Lücke-Stüwe) 
model was extended by Lücke and Stüwe [160] for the evaluation of the rate at which grain 
boundaries migrate in the presence of solutes. Recently, Robson [135] used  two classical models 
(Langmuir–McClean and Cahn–Lücke–Stüwe) to explore the effect of rare-earth additions on grain 
boundary segregation in wrought magnesium alloys. This same approach is adopted here. 
For the present work CLS version will be used to evaluate the drag pressure in Mg-Al binary alloys. 
This will explain the solute drag effect on grain boundary migration through sparse solutes to dense 
solutes. CLS model proposed the following expression for drag pressure due to solute, 
      𝑃𝑃𝑑𝑑 = αν𝑋𝑋𝑀𝑀1+ 𝛽𝛽2𝜈𝜈2   [Equation-3] 
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Where XM is the bulk concentration explained by LM (Langmuir–McClean) model [161] under 
equilibrium conditions, v is the boundary velocity and α and β are the diffusion and free energy 
profiles evaluated using the following expressions, 
     𝑎𝑎 = 𝑅𝑅𝑅𝑅
𝛿𝛿𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠
𝑣𝑣𝑙𝑙𝑙𝑙 �
𝐷𝐷
𝐷𝐷𝐺𝐺𝐺𝐺
�   [Equation-4] 
 
     𝛼𝛼 = 4𝑅𝑅2𝑅𝑅2
V𝑚𝑚 𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 𝐷𝐷2 1𝑎𝑎3− 𝑎𝑎    [Equation-5] 
 
           
𝛼𝛼
𝛽𝛽2
= 2𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 𝐷𝐷𝐺𝐺𝐺𝐺
𝑉𝑉𝑚𝑚𝑎𝑎
�1 −  𝐷𝐷
𝐷𝐷𝐺𝐺𝐺𝐺
�                          [Equation-6] 
Where D is the bulk diffusion coefficient of solute, DGB is the grain boundary diffusion coefficient, 
Gseg is the free energy segregation, and R is the gas constant and Vm the molar volume. During their 
interaction with a moving boundary, solute atoms maintain a concentration profile depending on the 
solute diffusivity and free energy profiles. Figure 5.3 shows the variation of solute diffusivity and 
free energy of segregation with the distance x, along the grain boundary plane.  
 
Figure 5. 3 Assumed variation of solute diffusivity and free energy of segregation with the 
                    distance along the grain boundary plane [135] 
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Also,  Arrhenius equation [162] is used for calculating bulk diffusion, 
     𝐷𝐷 = 𝐷𝐷0 exp �− 𝑄𝑄𝑘𝑘𝐺𝐺𝑅𝑅�  [Equation-7] 
Where kB is the Boltzmann constant, the Arrhenius parameters are the activation energy, Q and the 
pre-exponential factor, D0. For the present work Gas constant, R is used for calculations instead of 
Boltzmann constant, since the activation energy is in terms of joules per moles. For aluminium in 
Mg, D0 and Q for bulk diffusion were given by Kulkarni and Luo [163]. For GB diffusion, 
approximation was made that QGB ≈ 0.5 Q [164]. 
Calculations of the solute drag pressure using the equation (3) is plotted as a function of solute 
concentration for boundary velocity of 10 nms-1 for Mg-Al binary alloys under equilibrium conditions 
(see Figure 5.4). The values of all the parameters used are summarized in Table 5.1. These values are 
used for calculating α (Equation 5) and β (Equation 6), the diffusion and free energy profiles. The 
values of α and β are required to calculate the solute drag pressure using the equation (3). 
 
 
Parameter 
 
Value 
R , gas constant   
 
8.314 J/mol.K 
 
∆Gseg ,  grain boundary segregation 
 
1 kJ/mol 
 
Vm ,molar volume 
 
10-5  m3/mol 
 
T, temperature 
 
473 K 
 
ν, boundary velocity 
 
10-8 m/s 
   
Table 5. 1 Values of parameters used in the calculations of solute drag pressure under  
                  equilibrium conditions 
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Figure 5. 4 Predicted solute drag pressure as a function of solute concentration for atomic  
                    percent addition of Al to Mg under equilibrium conditions  
 
The average velocity of the DREX grain in the present specimens was determined by measuring the 
grain size, and dividing this by the time duration of the test. This velocity was used to make the solute 
drag calculations for the four deformation orientations and six alloys. This data is summarised in 
Figure 5.5. The drag pressure is found to increase with an increase in solute concentration. This is 
likely to have significant consequences for the effect of Al solute on recrystallization process. The 
calculated drag pressure was quite consistent between the four different deformation modes. 
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Figure 5. 5 Comparison of solute drag pressure during equilibrium segregation with  
                    deformed conditions  
 
This analysis shows that the CLS model predicts Al to have a strong retarding effect on DRX during 
deformation. This is consistent with what is observed experimentally, that at 200°C the Al 
concentration has a strong effect on reducing both the DRX grain size and the volume fraction of 
DRX.  
 
The DREX process is discontinuous, it has a nucleation and a growth stage. Cram et al [130] have 
suggested that solute hinder nucleation more than growth in Cu-Sn alloys. However, in the present 
case, we find that nucleation at grain boundaries is prolific, see for example Figure 5.6. The addition 
of Al reduces the size of grains, Figure 5.1(b). Therefore in the present case it is more likely that the 
presence of solutes hinders the growth of DREX grains, but does not appear to hinder their nucleation 
at the grain boundaries.  
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Figure 5. 6 DRX for 5.0 wt % Al at 25% strain 
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Chapter 6 
General Conclusions 
 
This thesis examined the mechanical properties of Mg-Al alloys ranging in composition from 0.2 wt% Al 
to 5.0 wt% Al. The alloys were processed to have very similar grain sizes and textures, and all of the Al 
was retained in solid solution. This series of alloys was used to elucidate the effect of Al concentration on 
the CRSS of the individual slip and twin modes. Three temperatures were tested, -78°C, 25°C and 200°C. 
At the highest deformation temperature dynamic recrystallization was observed, and the effect of Al 
concentration and flow stress on this phenomena was also studied. The main findings are summarized as 
follows: 
 
Mechanical behaviour 
 
• Tensile deformation, which is dominated by prismatic slip [141], showed solute hardening with 
increasing Al concentration. Although the research on single crystal showed solute softening effect of Al 
on the prismatic plane [12], polycrystal data obtained in the present study was in conflict with that result. 
The VPSC simulation of tensile deformation at room temperature agreed well with the experimental 
results and indicated solute hardening of the prismatic slip system by the addition of Al. 
 
• Compression along the rolling direction activates {101�2} twinning. These experiments showed solute 
hardening of the twinning system with increasing Al concentration, as indicated by an increase in the 
flow stress with increasing Al concentration. The VPSC simulations confirmed this result. Twinning 
was successfully modelled as an athermal deformation mode, insensitive to test temperature, but 
exhibited solute hardening with increasing Al concentration. 
 
 
• In specimens deformed in compression along the rolling direction to promote twinning, no change was 
observed in the volume fraction of twins for different Al concentrations. This shows that the amount of 
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strain accommodated by twinning remains unchanged for all solute levels. Since the VPSC simulations 
indicated that basal slip and twinning are the main deformation modes for this test orientation, it is 
concluded that the ratio of CRSS between the twinning and basal slip systems is similar for all Al 
concentrations. 
 
• Specimens deformed in compression in the sheet normal direction deform by pyramidal <c+a> slip. This 
orientation showed solute hardening with increasing Al concentration. The simulated results agreed 
well with the experimental results, and indicated that deformation is mainly accommodated by 
pyramidal and basal slip systems. At higher temperature, the CRSS for <c+a> slip drops 
significantly, probably due to the thermally activated nature of the nan-basal deformation modes.  
 
• Compression along specimens cut at 45° to the rolling plane deform primarily by basal slip. It is observed 
that there is no distinct change in the deformation behaviour of these samples with increasing Al 
concentration. 
 
• Of the four deformation modes <c+a> showed the strongest solute hardening followed by prismatic slip, 
twinning and basal slip.  
 
• There was a significant increase in tensile ductility with increasing temperature. It is proposed that the 
ease of non-basal slip and dynamic recrystallization enhances ductility at higher temperatures. 
 
• Al concentration had minimal effect on the tensile ductility. Ductility is known to be strongly influenced 
by grain size and texture in magnesium alloys. Since the starting materials used in this study were all 
processed to have similar grain sizes and textures, they all therefore showed very similar ductility’s when 
tested in tension. Solutes do not, therefore, appear to markedly effect the ductility of magnesium alloys. 
 
• At all concentrations, the <c+a> slip system shows the highest CRSS values, followed by prismatic slip, 
twinning and basal slip. Both pyramidal and prismatic system require cross slip, which is thermally 
activated. Since the pyramidal and prismatic systems are thermally activated, they are more sensitive 
to temperature change than the other deformation modes. Hence these two modes become easier at 
higher temperatures.  
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Dynamic recrystallization 
• Dynamic recrystallization (DREX) was observed in samples deformed in all four strain paths at 200°C. 
It is seen that the volume fraction of DREX decreases with increasing Al concentration. 
 
• For all test orientations, the DREX grain size was found to decrease with increasing Al concentration.  
 
• Despite a reduction in the DREX grain size, the nucleation of new grains did not appear to be inhibited 
by Al. 
 
• It is proposed that the decrease in DREX with increasing Al concentration is the result of solute drag. 
Theoretical calculations indicate that solute drag pressure increases with an increase in Al concentration. 
Thus, solute segregation retards grain boundary migration and limits the recrystallization process. 
 
• In the present case, increasing the Al concentration was found to significantly retard the grain growth, 
but nucleation of DREX grains was not inhibited.  
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